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The work presented in this thesis follows two main themes, both associated with 
development of accurate zero speed sensorless rotor position estimation for brushless 
permanent magnet machines. The first of these themes concentrates on the position 
detection algorithm and the second focuses on machine design. 
As a precursor to the development, a detailed literature study is included and com-
parisons are drawn regarding the state of the art as presented in the published 
literature. The mathematical basis of the zero speed techniques is then presented, 
including the derivation of the base technique used throughout this thesis. The tech-
nique itself is based on a simple demodulation strategy combined with a machine-
specific compensation approach that enables the technique to operate on machines 
with highly distorted saliency profiles. Simulation results are presented in order to 
show the development process and confirm the theoretical basis of the approach. 
A detailed experimental analysis is also presented, including details of the practical 
illlplementation of the test platform. It is shown that the estimation technique op-
erates on a number of different machine topologies and can produce results accurate 
to only 10 mechanical. 
In parallel with the algorithm development, an FEA based tool is developed that 
provides a means of assessing the form of the saliency of a given machine design. 
In addition, an analysis of the effect of slot shape variations on the quality of the 
saliency is presented as an example of the llse of this tool. The analysis pron'ss giy{'s 
lllHchine designers the ability to optimise machine designs for simple and accurate 
zero spced sensoriess position estimation as w('ll as for machine performann'. 
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Memorandum 
The accompanying thesis "SENSORLESS ZERO-SPEED POSITION DETECTION 
FOR BRUSHLESS PERMANENT MAGNET MACHINES" is based on work car-
ried out by the author in the Department of Electrical and Electronic Engineering 
of the University of Bristol. 
The main contributions claimed by the author are as follows: 
1. A comprehensive review of sensorless techniques for brushless permanent mag-
net machines with the key features and advantages and disadvantages high-
lighted. 
2. Identification of an appropriate strategy for zero speed operation. 
3. Application of the technique to different permanent magnet machine topologies 
and comparison of the efficacy of the strategy. 
4. Analysis of the 'fingerprints' enabling the identification of key issues relating to 
the applicability of particular machine designs to sensorless position detection. 
5. In-depth finite element analysis of slotting effects on sensorless accuracy, high-
lighting some important requirements for a machine to be suitable for zero 
speed sensorless position detection and providing a tool for machine designers 
to optimise machines for zero speed sensorless position detection as well as for 
performance. 
6. Demonstration of an experimental, zero speed sensorless position detection 
system accurate to less than 10 mechanical. 
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The desire to implement machine drives without mechanical position or speed sen-
sors arises primarily from the reduction in cost that results. In addition to this, it 
provides added advantages in terms of reduced wiring and increased reliability. For 
different machine topologies and different applications, there are different require-
ments in terms of sensors. Brushed DC machines do not inherently need position 
sensors (due to the presence of the mechanical commutator), but either position 
or speed sensors are often used in position or speed control systems. Induction 
machines can easily be operated without rotary sensors; however, the use of speed 
control or field oriented and direct torque control algorithms results in the need 
being reintroduced. The wound field synchronous machine is generally operated 
without any rotary sensors, although this results in limited dynamic performance. 
The introduction of a permanent magnet rotor and the desire for machines that can 
be easily controlled with a good dynamic response results in the need for electronic 
commutation, which in turn requires rotor position information. 
Permanent l\Tagllet S~"nchronous l\Iachines (Pl\ISl\Ts) offer lllany ad\"cllltagcs over 
other mClchinp types, including a high power-to-weight ratio alld simplicity of con-
trol [1]. Once t he elect ronic cOllllllutation has been achieved (using the rotor position 
1 
information), it is very straightforward to operate the machine in the same manner 
as a brushed DC machine, with independent flux and speed control. However, the 
cost and reliability issues associated with the position sensors is a considerable dis-
advantage, as is the increased volume and mass that they introduce to the overall 
system. It is therefore desirable to find a means of measuring the rotor position in-
directly, without the use of a mechanical sensor. For speed control applications, the 
rotor speed can be calculated as the derivative of position. In order to derive the ro-
tor position indirectly, 'sensorless' techniques involve application of signal processing 
techniques to extract the necessary information from the voltages and/or currents 
in the machine. These can be measured using simple and rugged transducers at the 
point of supply and which are already present as a means of detecting machine fault 
conditions and for use in current control strategies [2]. 
Two distinct operating modes need to be considered when developing a PMSM drive 
without mechanical position sensors . 
• Medium and High Speed 
• Zero and Low Speed 
When the machine is driven at a speed that is sufficient to produce a measurable 
back EMF, the drive currents can be used to detect the rotor position. However, 
when the machine is stationary, no back EMF is generated and hence an alternative 
means of position sensing is necessary. To achieve this, there must be some property 
of the machine that is measurable at zero speed and which varies with rotor position. 
This is generally the inductance of the stator windings, which varies due to changes 
in the magnetic circuit, either due to a salient rotor structure or due to saturation 
of the stator core. 
1.2 Permanent Magnet Synchronous Machines 
The structure of an interior rotor pr-..rsr-..r is similar in form to that of an exterior 
rotor permanent magnet brushed DC motor. The stator surrounds the rut or and 
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contains a number of slots containing (usually three) phase windings. The rotor has 
a number of permanent magnets mounted on or within the structure. An exterior 
rotor PMSM has the rotor positioned around the outside of the stator. Figure 1.1 
shows a cross section of an example interior rotor PMSM, with magnets mounted 





Figure 1.1: Cross Section of Example Motor 
The electrical power in the windings is converted to mechanical power through the 
interaction of the permanent magnet flux (shown in figure 1.2 for an unexcited 
machine) and the magnetic field produced by the current carrying conductors. 
Since there are no electrical connections required for the rotor, a commutator and 
brushes are not required. Instead commutation is achieved through the use of 
an inverter in combination with orne form of rotor position measurement y tern 
( ither a m hanical sensor or a sensorless technique). Depending on the hape 
of th ba k EMF in th machine the commutation i performed in different way . 
For rna hin with approximat ly trapezoidal back E 1F where the back E IF i 
n t nt for approxirnat 1 1200 1 tri al a ix- t p v itching p ttern i u d to 
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Figure 1.2: Flux Lines for Unexcited Machine 
match the operation of brushed DC machines. This type of drive is referred to as a 
brushless DC drive. For machines with a more sinusoidal back EMF, Pulse Width 
Modulation (PWM) techniques are used to create sinusoidal currents in the machine 
windings. This type of drive is known as a brushless AC drive. 
It is also possible to operate the machines without any position feedback by main-
taining a fixed ratio between terminal voltage and terminal frequency; however , this 
type of control is only of practical use in constant speed applications or those with 
limited load variations and where a high accuracy of control is not required. 
There are a number of different rotor structures that are used in PMSMs. In addition 
to surface mounted magnets (shown in figure 1.1) , the magnets can either be buried 
in the rotor structure, as shown in figure 1.3(a), or embedded entirely within it as 
hown in figure 1.3(b). 
Ma hin with th rotor topologie are referred to as Interior Permanent Iagn t 
n hronou la hin (IP 1SM ). Th alient rotor tructure re ult in a different 
(a) (b) 
Figure 1.3: IPMSM Rotors; (a) Buried Magnets; (b) Embedded Magnets 
magnetic circuit in the rotor d-axis to that in the rotor q-axis (see Appendix A), 
resulting in a phase winding inductance that varies with rotor position. This prop-
erty is used in most low and zero speed sensorless position detection algorithms. 
In surface magnet machines, it is often still possible to use inductance variation to 
detect rotor position at zero speed. The inductance variation can either be inherent, 
due to stator saturation caused by the permanent magnets, or it can be created 
by applying voltage pulses to saturate the stator iron and detecting the variation 
in level of saturation caused by the magnets. This is discussed in more detail in 
chapter 2. 
PMSMs are known by a number of different names. Where they are designed for 
use with a trapezoidal drive, they are often referred to as 'Brushless DC Machines'. 
When designed for use with sinusoidal drives, they are often referred to as 'Brush-
1 ss AC Machines'. In addition, since they are generally used with variable speed 
drives rather than synchronous drives, they are also referred to as 'Brushless Perma-
nent Magnet Machines' in order to avoid confusion. However, since the most com-
mon generic term of reference in the literature is Permanent Magnet Synchronous 
Machine thi term has been adopted for the purposes of this thesis. 
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1.3 Drives 
Drives for PMSMs consist of a number of distinct components. These are: a con-
troller, some gate drive circuitry, an inverter and some sensors. The sensors usually 
consist of Hall-effect Current Transducers (CTs) (to detect the current for torque 
control, over-current protection and also for position-sensorless techniques) and some 
form of position sensor (if a position-sensorless technique is not being used or is only 
present as a backup). There may also be speed sensors in place, but more commonly 
the speed is derived from the position sensor. The position sensors can be Hall-effect 
sensors, optical encoders or brushless resolvers. Hall-effect sensors are cheap, but 
only give sufficient position accuracy for commutation of trapezoidal machines and 
even then do not allow accurate control at low speed. Relative encoders have a simi-
lar disadvantage at low or zero speed. Resolvers can provide accurate rotor position 
at all speeds, but they contain wound rotor and stator components, leading to high 
cost and concerns with reliability, especially when operating at high speeds [3]. 
The inverter is used to provide controlled power to the machine windings. For a 
three-phase machine, the inverter consists of six power switches (usually MOSFETs 
or IGBTs) and six power diodes (occasionally the inherent diodes in the MOSFET 
structure are used). The structure of a three-phase inverter is shown (with IGBT 
switches) in figure 1.4. 
The gate drive circuitry performs a number of roles. Firstly, it is used to isolate 
the controller from the high potential in the inverter. In addition, it performs level 
shifting for the top row of inverter switches and amplification in order to turn the 
switches on and off. This is generally achieved through the use of isolated power 
supplies coupled with either opto-isolators or high-frequency transformers. 
The controller is used to generate the inverter switching signals needed to drive the 
machine in the desired manner. It can be implemented through analogue compara-
tors and other circuitry, or through discrete logic. However. in modern variable 
speed drives, it is often implemented through the use of a microprocessor such as a 




Figure 1.4: Inverter Structure 
position sensors, a Programmable Read Only Memory (PROr-.I) based look-up table 
is sufficient for commutation, although further logic or computation may be used 
for current, speed or position control. 
1.4 Applications 
In principle, the applications for which sensorless control of pr-.rsr-.rs is applicable 
are as wide ranging as the applications of the motors. Generally, however, the areas 
for which the desire is greatest is those in which the reduction of cost is of prime 
importance. In addition, there are many systems in which reliability problems with 
mechanical sensors prevent the use of this type of machine. These systems Illay 
benefit from the availability of sensorless control techniques. 
The principal applications that the work presented in this thesis focuses upon a1"(, 
traction and aerospace S~·St(,IllS. This is primarily due to the availability of t('~t 
machines. but also dne to the safety requirements of S~'stt'IllS for these applications 
and the need to improve reliability as much as possible. There are IlO application 
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specific components to the work, however, and therefore it could be applied to 
PMSMs designed for any application. 
1.5 Layout of Thesis 
The focus of this thesis is on the development of a position detection algorithm for 
permanent magnet synchronous machines without a shaft-mounted position sensor. 
It is specifically aimed at detection at zero speed, where fundamental currents and 
voltages are not present, resulting in difficulties in position estimation. 
There is an impression in some industrial circles that many of the more complex 
apprqaches to sensorless control are too complicated for industrial application and 
are more of purely academic interest. It is therefore desirable to approach the 
problem of sensorless control with this as a consideration. The algorithm presented 
in this thesis is therefore intended to be simple to implement in a practical system 
and, if desired, to customise for a particular machine. 
The thesis is set out as follows: 
In chapter 2, a detailed review of the approaches to sensorless control that are in 
the published literature is presented. Details of techniques for high speed detection 
are discussed and the details of available zero and low speed techniques are then 
presented. For each approach, advantages and limitations are discussed. 
In chapter 3, a purely analytical treatment of the approach is presented. This in-
cludes a derivation of the mathematical model of a permanent magnet machine, 
along with mathematical treatment of the algorithms used to derive the rotor posi-
tion. 
Chapter 4 focuses on the initial practical development and the testing performed 
on three machines in order to validate the theory. Finite Element Analysis (FEA) 
techniques are used to confirm the form of the machine saliency and the ability to 
accurately measure rotor position in these machines. Initial test results are presented 
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that use linear amplifiers to apply signals to the machines in order to demonstrate 
that distortion is due to the machine itself, rather than inverter effects. A test 
system that is similar in form to industrial drives is then used on all three machines 
to capture the information necessary for off-line testing. 
The results captured in the analysis of chapter 4 are assessed in further detail in 
chapter 5. This involves application of the theoretical analysis to the practical results 
using the MATLAB platform. Results are presented for the approaches discussed 
in chapter 3 and comparisons are drawn in order to select an approach for the final 
system. 
A detailed finite element analysis of the effect of slot shape variations is presented 
in chapter 6. This analysis provides information on the causes of saliency distortion 
and furnishes machine designers with an additional tool that can be used when 
designing machines for applications involving zero speed sensorless control. 
Chapter 7 presents the development of the final test system on a commercially 
designed DSP platform. This platform is interfaced with the same power circuit 
(inverter and gate drivers) as used in chapter 4. Testing of the final system with 
all three test machines is used to show the validity of the approach. Results are 
presented and comparisons are drawn with earlier simulation results. The effect of 
the different machine topologies is discussed. 
In chapter 8, a summary of the work documented in this thesis is presented and 
conclusions are drawn. The innovative aspects of the approach are highlighted and 
suggestions for future work extending this investigation are given. 
Chapter 2 
Sensor less Control Revie\V 
2.1 Introduction 
This chapter provides a brief summary of the literature on sensorless control of 
permanent magnet synchronous machines that is currently available. It is divided 
into several sections, each dealing with a particular class of technique. Firstly, there 
is a discussion of techniques that can only be used at speed (due to the dependence 
on the back EMF in the machine). Following this, there is a discussion of a technique 
that is based on monitoring the state of the power inverter used to drive the machine. 
This enables operation down to lower speeds than many of the back ErvIF techniques, 
but is still unable to operate when the machine is stationary. Finally, there is a 
discussion on saliency based techniques. These techniques allow operation over the 
entire speed range (although they are often only used at zero and low speed). 
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2.2 Back EMF Based Techniques 
2.2.1 Flux Linkage Based Model 
2.2.1a Technique 
This type of estimator is based on the principle that as the machine rotates a back , 
EMF is generated that is related to the electrical angle of the shaft [4]. This is 
shown in the graph of figure 2.1 for a three-phase machine. 




















0 1 2 3 4 5 6 
Rotor Electrical Position (radians) 
Figure 2.1: Back EMF Waveforms for a PMSM 
By monitoring the terminal voltages and currents in the system and applying a 
motor model to the resulting values, the position on the flux/EMF graph can be 
estimated. 
2.2.1h Algorithm 
Firstly, the line-to-line machine voltages must be known, either by direct measure-
m nt or from knowl dg of the duty cycle. There will be three different duty cycle 
at an giv n point on for a h lin. The are first tran lated into th dq axi 
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reference frame (using the last known position); then the voltages can be calculated 
from equation (2.1). 
(2.1) 
From these voltages, the real and imaginary components of the stator line-to-line 
voltage v L can be calculated. 
(2.2) 
(2.3) 
Integration of the line-to-line voltages yields flux. 
(2.4) 
(2.5) 
The space angle of the flux is then as follows. 
(2.6) 
The line-to-line flux vector 'l/JL leads stator flux vector 'l/Js by 30°. 
(2.7) 
Now, load torque angle 8 can be calculated as shown in equation (2.8). 
(2.8) 
In equation (2.8), 'l/Jm is the flux linkage with the stator windings due to the perma-
nent magnets. 
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The rotor position angle is then, 
(2.9) 
One of the major problems associated with this system is drift, due to inaccuracies 
in the values of inductance and resistance of the windings and in the integral calcu-
lation. It is therefore necessary to compensate for this. This is generally done once 
per cycle [4], by examining the flux values over the last cycle and using the central 
point as a compensation offset. 
The calculated angle then becomes: 
e -1 (~('ljJL) - ~(Drift)) 1/J = tan 
L SR( 'ljJ L) - SR(Drift) (2.11) 
2.2.1c Applicability 
This system can be used with all permanent magnet synchronous machines, but 
only functions when the speed is high enough to give a back EMF that is sufficiently 
above the noise floor. 
2.2.2 Zero Crossing Points 
2.2.2a Technique 
In PMSMs with a trapezoidal EMF, only two phases are ever excited at a given 
time. This measurement system is based on the monitoring of the unexcited phase 
and observing the point at which the El\IF crosses the zero axis [5,6]. This point is 
used to control the timing of the switches. 
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2.2.2b Applicability 
This system is only applicable for trapezoidal machines. It functions over a wide 
speed range, but not at zero speed. 
2.2.2c Processing Power 
Since this technique simply monitors a signal to find the Zero Crossing Point (ZCP), 
the processing requirements are minimal. 
2.3 Observer Based Techniques 
2.3.1 Simplified Observers 
2.3.1a Technique 
Like most of the observer based techniques, this approach is essentially an enhance-
ment of the back EMF techniques discussed in section 2.2. However, as with all 
of the observer based systems there exists the availability of self-checking to ensure 
that parameter variations do not affect the operation of the system. 
In the first technique discussed in this section, a mathematical model similar to 
those used in most techniques is used to estimate the speed, position and voltage in 
the system [7,8]. The model used is shown in equation (2.12). 
(2.12) 
Under the assumption that the shaft is rotating (e =1= 0) and that the position error 
is small (~e ~ 0 :. sin~e ~ ~e), the voltage error (the difference between the 
1--1 
voltage with b..() = 0 and that with b..() =I 0) becomes 
b..v", = v - vest oc b..() 
I , , (2.13) 
Therefore, if the terminal voltage is measured and compared with the voltage being 
estimated by the model, the resulting voltage error can be used to correct the position 
error in the system. However, this ceases to work once the speed becomes close to 
zero or if the parameter variations are sufficient to invalidate the small value theorem 
assumption. 
2.3.1h Algorithm 
The first stage in the process is to measure the three-phase currents and either 
measure or deduce (from DC link voltage, PWM pattern and dead-band information) 
the three-phase voltages. 
Using the last estimated position value, voltages and currents are then transformed 
to the '"'(8 reference frame. The rotor speed is then estimated, using equation (2.14). 
(2.14) 
Then the hypothetical voltage is calculated using equation (2.12) with b..() = o. 
Equation (2.13) is then used to find the angular error. A PI controller is used to 
find the correction speed, a, 
(2.15) 
where Ksp is the proportional gain and KSI is the integral gain. The speed and 
position are then updated and these are used in the controllers for the system. 





This technique is designed primarily for surface permanent magnet synchronous 
machines. In principle, it should also work with IPMSMs but due to the interdepen-
dence of the two-phase equations, the model becomes significantly more complicated 
and it is unlikely that it would hold the same simplicity advantages over the more 
complex observers. It should operate over a good speed range, although not at zero 
speed. 
2.3.1d Processing Power 
Since the equations used in this system have been simplified using a number of 
assumptions, the processing required in this system is reduced to a small number of 
simple algebraic operations. The processing power required is therefore much less 
than for the more complex observers discussed in the following sections. 
2.3.1e Advantages / Limitations 
• Should be capable of dealing with some parameter variations. 
• Much simpler than other observers. 
• The simulations presented by Matsui [9} show that the system is capable of 
dealing with initial position errors up to 65° (electrical). 
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2.3.2 Extended Kalman Filters et al. 
2.3.2a Introduction 
The Extended Kalman Filter (EKF) is an observer designed to estimate the states of 
a dynamic non-linear system [10]. In simple terms, the operation of the observer is 
a more advanced version of the self-correcting model discussed in section 2.3.1. The 
EKF uses system states that are measurable (for example, voltages and currents) 
and statistical information (of noise and of the states) to estimate the states that 
are immeasurable [10-17]. 
There are two main components in the algorithm. The first of these is a prediction 
stage that uses a mathematical model to estimate states. Following this, there is a 
filtering stage that corrects the estimates using the weighted (by the 'Kalman Gain') 
difference between the predicted and actual output vectors. The model used can be 
in anyone of the various reference frames used in these systems; the choice of frame 
affects the processing speed of the system. This report will concentrate on a model 
in the two axis stationary reference frame. 
2.3.2h Algorithm 
Equations (2.18) and (2.19) show the non-linear state equations for the machine [10], 
x(t) = f(x(t» + Bv(t) + a(t) (2.18) 
y(t) = h(x(t» + J-L(t) (2.19) 
where a(t) and J-L(t) are zero mean white Gaussian noise independent of the system 
state vector x and with covariances of Q and R respectively. Of these, the former 
deals with system disturbances and model inaccuracies, while the latter represents 
measurement noise. 
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In equations (2.18) and (2.19), 
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The dynamic model of the machine is derived under the 'infinite inertia' hypothesis 
- i.e. that the rotor speed derivative is negligible compared with the other system 
variables and that any mechanical load parameter will disappear from the machine 
equations. 
This system is clearly non-linear and hence for accurate control, the estimators must 
be capable of dealing with non-linear systems. The extended Kalman filter fulfils 
this requirement. 
The first part of the EKF prediction stage calculates initial predictions of the next 
state of the system assuming that the noise is zero. This is shown in equation (2.23) 
(in the discrete domain). 
(2.23) 
The other part of the prediction stage predicts the next ,"al ue of t he error COYariaIlCt'. 
18 
where A is the Jacobian matrix of partial derivatives of equation (2.18) with respect 
to x and W is the Jacobian matrix of partial derivatives of equation (2.18) \yith 
respect to a. 
Once the prediction stage is complete, the filtering stage (correction stage) begins. 
Firstly, the Kalman Gain is calculated using equation (2.25), 
(2.25) 
where H is the Jacobian matrix of partial derivatives of h(x) with respect to x and 
V is the Jacobian matrix of partial derivatives of h( x) with respect to J.L. 
The estimate is then updated using the Kalman Gain: 
(2.26) 




This observer can be used with all permanent magnet synchronous machines over a 
wide range of speed, although not at standstill. 
2.3.2d Processing Power 
To perform all of the matrix calculations associated with the EKF, there is a very 
high processing requirement. However, with modern sixth generation floating-point 
DSPs on the market, it has been shown to be within the capabilities of the processors 
to perform all of the calculations for the EKF along with the other components of 
the control system. 
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2.3.2e Advantages / Limitations 
This technique has been shown to produce accurate position sensing at speeds above 
zero, when provided with a reasonably accurate estimate of the initial state vector 
and the initial covariance matrices. However, the system requires relatively heavy 
computation and is unable to operate at zero speed. 
2.3.2f Alternatives 
Along a similar vein, there exist a variety of other observers, as well as the EKF. 
These are all based on essentially the same principle, but differ slightly in their 
operation. They include Luenberger based observers [18] and sliding-mode observers 
[19-21] among others [22-30]. 
2.3.3 Artificial Intelligence 
2.3.3a Artificial Neural Networks 
Artificial Neural Networks (ANNs) can be used to model non-linear systems in a 
similar way to the EKFs discussed in section 2.3.2 [15]. The ANN is an array of 
neurons, each of which performs a non-linear function on the weighted sum of its 
inputs [31]. The array of neurons, like the one shown in figure 2.2, can then be used 
to produce the desired output. 
By appropriate choice of the number of layers, the number of nodes in each layer, 
the weights of each path and the non-linear function used on each weighted sum, 
an optimal network can be found to perform the required task. The selection of the 
various parameters is largely by trial and error. 
In a similar manner to the earlier observers, the ANN can be used to calculate mea-
surable states as well as immeasurable ones. The former can be used to adjust the 
weights dynamically to correct the output. This process is called back-propagation. 
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Figure 2.2: Structure of Artificial Neural Network 
This technique has been used successfully with reluctance motors [31-33] and us-
ing similar principles, it should be applicable to permanent magnet synchronous 
machines. 
2.3.3b Fuzzy Logic 
Artificial intelligence controllers can be used to replace most forms of conventional 
control system. Fuzzy logic controllers offer an intuitive design process to solve 
particular control problems. Where a heuristic description of a particular control 
problem can be found, this can be directly translated into a set of fuzzy statements-
a far more intuitive process than the design of conventional mathematical controllers 
[34]. 
The fuzzy logic controller is composed of three main components. The first of these is 
known as a 'fuzzifier', in which the input variables are processed using a 'membership 
function' to determine the degree to which they belong to each of the fuzzy sets [35]. 
For example, triangular membership functions, as shown in figure 2.3, can be used. 
Once the input variables have been fuzzified, if-then-else type rules are applied to the 
fuzzified input variables and the output fuzzy sets are aggregated into a single set. 
For example, if this system was used in place of the simplified observer discussed in 
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Figure 2.3: Fuzzification Membership Functions 
variable might be 'position adjustment' . The corresponding if-then-else statements 
would be of the form shown below: 
if Voltage Error is Negative and Large 
then Position Adjustment is Positive and Large 
Once the aggregate output fuzzy set has been compiled, some criteria are defined 
to produce an output from this set. There are a variety of methods of doing this, 
such as centre-of-area defuzzification, in which the output value is the geometrical 
centre of the union of the contributions of each rule. The particular selection of 
defuzzification method is, like that of the fuzzification method, dependent on the 
application. 
Fuzzy logic controllers have been applied to speed-sensor less induction machine 
drives [34,36,37]. It is believed that they could also be applied, either individu-
ally or in combination with other techniques, to develop position-sensorless control 
systems for permanent magnet synchronous machines. 
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2.4 Inverter State Monitoring 
2.4.1 Technique 
For any given switching vector, there are a number of states in which the inverter 
can be. Current may be flowing through one transistor or through one or other of 
the freewheeling diodes. Which of these is conducting is dependent on the present 
segment of the back EMF waveform. Therefore, if the current switching state is 
known and the conduction states of the diodes can be measured, an approximate 
position can be ascertained [38,39]. 
Since the conduction states cannot be measured directly, an extra circuit must be 
built to switch with the diodes and thus provide the information. 
2.4.2 Applicability 
This system only produces segment based position information and hence would only 
be accurate enough for use with trapezoidal flux distribution machines. However, 
it does have the advantage over the back EMF techniques that it works at lower 
speeds since there is no requirement for direct voltage measurements. 
2.4.3 Processing Power 
This system is extremely simple and once the measuring circuit is implemented, it 
could be completed either with a very short look-up table or a small number of logic 
gates or logic instructions. 
2.5 Saliency Based Techniques 
2.5.1 Introduction 
Figure 2.4 shows the structure of an IPMSM. As can be seen, the magnetic circuit 
along the d-axis is different to that along the q-axis. Each magnet is covered by 
a steel pole piece and thus high permeance paths are produced for the magnetic 
fluxes across these poles and in space quadrature to the magnet flux. However , in 
the magnetic circuit on the q-axis of the rotor there is only iron whereas in the 
d-axis, a part of the magnetic circuit consists of the magnet, which has a permeance 
approximately equal to that of air. The reluctance in the d-axis is thus increased 
and the inductance decreased [15]. More precisely, the inductance is continuously 
varying with the relative position of the rotor with respect to a particular winding. 
Figure 2.4: Structure of IPMSM 
d 
~ 
It is important to note that, ignoring any core saturation effects, the magnetic 
circuit is the same in the positive d-axis as in the negative. Therefore , considering 
a particular phase, the inductance varies sinusoidally over half an electrical cycle of 
the rotor. The positions of maximum and minimum inductance in stator phase A 
are shown in figure 2.5. 
From thi , it an be een that in a alient pole machine the inductance vari with 
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Figure 2.5: Rotor Positions with Maximum and Minimum Inductance 
Since a variation exists in the inductance of the windings according to rotor posi-
tion, the rotor position can be ascertained as long as the instantaneous inductance 
can be measured. A number of ways of doing this are discussed in the literature; 
sections 2.5.2- 2.5.5 summarise the main techniques. 
2.5.2 Armature Current Locus Based Estimation 
2.5.2a Technique 
When the shaft is stationary, a three-phase balanced set of sinusoidal voltages is 
applied to the terminals of an IPMSM. This causes a current to flow. Since the 
indu tance i differ nt in the direct and quadrature axes, the locus of the currents in 
fram i an Hip e. Similarly in the two axi phase stationary reference 
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frame, the locus of the currents is also an ellipse, rotated through an angle equal to 
the electrical angle of the shaft. Therefore, if the direction of the major axis of the 
ellipse in the stationary reference frame can be established, the rotor position can 
be measured. 
2.5.2h Algorithm 
The voltage equation of a stationary interior permanent magnet synchronous motor 
is given by equation (2.28). 
(Vd) = (RS + pLd 0) (~d) Vq 0 Rs + pLq 'lq (2.28) 
A balanced AC voltage is applied to the machine: 
(2.29) 
where Vi is the magnitude, and Wi the frequency, of the injected voltage. 
By substituting (2.29) into (2.28), it can be seen that the resulting currents form an 
elli pse. With Ld < Lq the major axis of the ellipse follows the d-axis [40]. Simulation 
results for the system have produced figure 2.6, which shows a/3 axis currents with 
the rotor set at an offset of 0° and 120° (electrical) for a machine with a saliency 
ratio of 1.5: 1. 
In order to estimate the rotor position, it is necessary to locate the major axis of 
the ellipse. The equation of an ellipse rotated from the coordinate axis is a standard 
equation, in terms of the a/3 coordinate system, given by equation (2.30). 
(2.30) 



































Figure 2.6: Armature Current Locus 
the origin and equation (2 .30) becomes: 






Using Newton-Raphson or a similar curve-fitting algorithm, the coefficients can be 
found such as to minimise the error between the measured curve and that found 
using equation (2.31). Once the parameters of equation (2.31) are found, the angle 
of the major axis of the ellipse is given by equation (2.32) [40]. 
6 - ~ -1 2H 
- 2 tan A - B (2.32) 
For a given input frequency, there is a constant offset between the major axis of 
the ellipse and the rotor position. This offset is dependent on the impedance of 
the stator windings and is thus constant if the armature current is kept at a fixed 
frequency. This can be measured or calculated in advance for a given motor. 
Once the rotor axis angle is identified, it is necessary to distinguish between a north 
and a south pole in the machine. Magnetic saturation has thus far been neglected 
due to the small effect that it has. However, once the major axis has been identified 
th magn ti aturation effect can be examined and from the e the north pole can 
be id ntifi d . Du to th magnetic aturation ther i a small off et between th 
ntr of th llip and th oordinat axe in th dir ction of the north pole. 
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Thus, by examining the data after the ellipse fitting is complete~ the poles can be 
distinguished [40]. 
2.5.2c Processing Requirements 
Since the system is designed for operation at standstill, the real-time processing 
requirements are reduced compared to a rotating machine. In a machine rotating 
at 50 rpm, it would be necessary to perform position calculations several thousand 
times a second, but with a stationary shaft, once is enough. However, to perform the 
ellipse-fitting algorithm, a reasonable amount of data must be accumulated (figure 7, 
[40]), which requires sufficient memory in the system. 
2.5.2d Applicability 
This technique is designed for use on interior permanent magnet synchronous ma-
chines only and is only practical at zero speed. 
2.5.2e Advantages / Limitations 
This system should be relatively simple to implement. There is a certain degree 
of parameter dependence affecting the offset between the major axis of the ellipse 
and that of the rotor. However, the system would be practical for providing a good 
approximation of an initial position that could be used in conjunction with a back 
EMF or observer based estimator. In addition, the memory requirements are high 
and the system is impractical above zero speed. 
2.5.3 Signal Injection with Observers 
2.5.3a Technique 
In order to track a saliency present in the IPMSM, high-frequency voltages are 
injected into the stator and these generate corresponding high-frequency currents 
that can be detected [41-70]. These currents vary according to the position of 
the rotor. By detecting the currents and performing appropriate signal processing, 
a signal is produced that is proportional to the difference between the true rotor 
position and the estimated one. A tracking observer can then be used to adjust the 
estimated position. 
2.5.3b Algorithm 
The injection of a balanced high-frequency voltage component will induce stator 
currents consisting of spatially variant and invariant components [71]. 
(2.33) 
Equation (2.33) shows the form of the injected components; the currents induced 
by these are shown in equation (2.34), assuming that the injected signal is of suf-
ficient frequency that the stator transient reactance dominates the stator terminal 
properties, 
(2.34) 
where eO. is the angular position of the saliency relative to the stator (proportional 
to the rotor position for a machine with a single saliency) and liO and Iil are defined 
in equation (2.35), 
\ ~ L 
, L--') L' 'J 
\..VI - - -
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where L is the mean of the direct and quadrature axes inductances and L is half of 
the difference between them. 
This signal contains two components: one at the frequency of the injection signal 
and one with an additional position dependent frequency component. Performing a 
vector rotation by an angle wit on this signal translates the first component into a 
steady level that can be filtered out. Practically, this means implementing a low-pass 
filter in a reference frame synchronous to the injected signal. Once this component 
has been removed, the signal can be rotated by -Wit and a tracking observer can be 
used to derive the position. 
2.5.3c Extensions 
In references [47,52]' the effect of multiple saliencies on this form of position detection 
technique was analysed. Most saliency based sensorless control schemes assume a 
single, sinusoidally varying, rotor position dependent saliency. However, this is often 
not the case. There may be multiple saliencies, or the single saliency may be non-
sinusoidal (equivalent to multiple saliencies with each corresponding to a Fourier 
component). Also, there may be stationary saliencies, either due to machine design 
(for example stator winding asymmetry) or due to unbalanced excitation or scaling 
differences in the current sensors [47]. 
A compensation scheme is proposed in these papers, involving decoupling each un-
wanted saliency using a tracking observer with a model of the saliency. It is necessary 
to have a reasonable knowledge of the magnitude, phase and position dependence 
of the saliencies in order to achieve this. A similar technique to that used to de-
tect the rotor position can be used to measure the saliencies. Given a known rotor 
position (from a resolver or encoder), the algorithm of section 2.5.3b can be used 
to derive the required saliency information [51]. The principal problem with this 
approach is one of complexity. For each component of saliency that is present in the 
machine, an additional observer must be designed to enable correct compensation. 
The design requirements of this approach are large and once the system has been 
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designed, the computational complexity of any system restricts its applicability in 
many applications. 
2.5.3d Applicability 
This estimator is designed for use with salient machines, specifically the IP1ISM. 
Since it relies on a significant saliency, it could not be used with Surface Permanent 
Magnet Synchronous Machines (SPMSMs). However, it does hold the significant 
advantage of working over the full (including zero) speed range of the machine. At 
higher speeds, however, the requirement for a signal injection signal superimposed 
on the fundamental will result in a reduction in the maximum available power supply 
voltage. There is also a requirement for significant spectral separation between the 
fundamental frequency and the injection frequency [72]. It is therefore desirable 
to switch from this system to a back EMF or observer based system at higher 
speeds [72,73]. 
2.5.4 Switching Frequency Based Estimation 
This technique is based on the same principles as signal injection estimation except 
that, rather than injecting a fixed frequency signal for the specific purpose of detect-
ing position, it uses the effect of the PWM switching as an injected signal [74-81]. 
This would suggest similar capabilities in terms of position sensing, as the system 
is essentially the same apart from operating at a higher frequency. However, at 
standstill, the inverter would not necessarily be switching and hence there would 
be no signal to use for a sensorless start. In addition, the frequency spectrum of 
the PWM "injection" is extremely complex, with a large number of harmonics and 
sub-harmonics [82]. Therefore, it is difficult to isolate the required components from 
the other harmonics. which are essentially noise. 
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2.5.5 Simplified Saturation Based Estimation 
2.5.5a Technique 
When a short voltage pulse of an appropriate magnitude and duration is applied 
to the stator windings, the stator iron will saturate, depending on the position of 
the rotor magnets. This saturated core will cause a variation in the inductance of 
the windings, which can be measured using the currents produced by the \"oltage 
pulse [83-86]. 
2.5.5b Algorithm 
Three positive and three negative voltage pulses (one pair of pulses for each phase) 
are applied to the stator windings at zero speed. Immediately following the voltage 
pulse for a given phase, a voltage pulse in the opposite polarity is fired in order to 
drive the phase currents back to zero. The sinusoidal like behaviour of the phase 
currents can be modelled as an average value with some offset value, the latter being 
a function of mechanical position [84]. 
lA = 10 + b..10 cos (2()r) (2.36) 
IB = 10 +!!.locos (20r + 2;) (2.37) 
(2.38) 
By defining the difference between the phase currents and the average value as shown 
in equation (2.39), these equations can be solved, 
b..1x = Ix - 10 (2.39) 
where the subscript X can be A, B or C. 
The phase current that has the largest magnitude change determines the region in 
which the rotor north pole lies. The remaining two phase-current differences are 
used to calculate the approximate position. If phase A has the largest difference, 
then dividing (2.37) by (2.38) and using the relationships given by equation (2.39) 
results in equation (2.40). 
(2.40) 
Solving for position gives equation (2.41). 
() _ 1 -1 (cos Uf) (D..1c - D..IB)) 
r - - tan (2 ) 2 sin :; (D..1c + D..IB) (2.41) 
2.5.5c Applicability 
This type of estimator is the only one found in the literature that allows zero speed 
position estimation for non-salient machines. It should also be possible to apply 
this technique to IPMSMs, but considering the number of other possibilities, this 
would be less preferable than the other options. It is inherently a zero speed only 
technique, but it could be combined with other techniques designed for different 
speeds to allow operation over the full range. 
2.5.5d Processing Power 
If the small angle theorem is used to remove the trigonometric function from equa-
tion (2.41), then the only processing required is to calculate a mean and peak value 
of a sampled waveform. It is then simply a case of calculating the inverse tangent 
of the result. 
2.5.5e Advantages / Limitations 
This system does not produce particularly high accuracy, but does enable zero speed 
sensing in SP1IS1Is. Therefore, it could be combined with other systems to provide 
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sensorless control over the full range of speeds. Since it is based on saturation effects 
in the machine, it is difficult to model. 
2.6 Summary 
The techniques presented in this literature review fall into two main classifications. 
The first of these contains the 'at speed' back EMF and observer techniques and 
the second contains the saliency based techniques. All of these techniques operate 
effectively when the shaft is rotating at a sufficient speed to overcome measurement 
noise, but are unable to work when the machine is stationary. However, they are 
considerably simpler in terms of implementation and computational requirements 
than the saliency techniques. The back EMF models are the simplest of the 'at 
speed' techniques, but are more sensitive to parameter variations than the observer 
techniques. The latter, however, require significantly greater computational capac-
ity and a longer design cycle prior to implementation. Fitting loosely into this 
classification is also the inverter state monitoring technique, which allows segment 
based position sensing down to lower speeds than the zero crossing point approach, 
at the expense of an increase in electronics in the inverter to allow detection of the 
conduction state of the diodes. 
The saliency based techniques have the considerable advantage that they operate at 
zero speed. Some of these techniques are capable of operating over the full speed 
range. However, this is unlikely to be desirable in many applications due to the 
increased computational demand (compared to back EMF or observer techniques), 
the possibility of torque ripple and the reduction of available DC link voltage, both 
as a result of the need for a superimposed injection signal. 
The work presented in this thesis fits into the second classification, but aims to 
provide an approach that is simple both in terms of design complexity and compu-
tational demand. 
Table 2.1 presents a summary of the yarious techniques discussed in this chapter. 
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Sensorless Machine Design Processing Speed 
Technique Applicability Complexity Power Range 
Back EMF 
Flux Linkage Model Brushless AC Simple Low :l\Ied.-High 
Zero Crossing Points Brushless DC Simple Low :l\Ied.-High 
Observers 
Simple SPMSMs Simple Low 1Ied.-High 
EKF et al. All Complex High lVIed.-High 
Artificial Intelligence All Complex Medium Med.-High 
Inverter State Brushless DC Medium Low Low-High 
Saliency 
Armature Current Locus IPMSMs Simple High Zero 
Tracking Observers IPMSMs Complex High Zero-:l\Ied. 
Switching Frequency IPMSMs Complex High Low-Med. 
Saturation Based SPMSMs Complex Low Zero 




3.1 Modelling Permanent Magnet Synchronous 
Machines 
Development of sensorless strategies relies on an understanding of the operation 
of permanent magnet brushless machines. It is therefore instructive to develop a 
mathematical model of the machine upon which to base the theoretical analysis. 
A three-phase permanent magnet brushless machine has three phase windings (usu-
ally in slots) on the stator and one or more pairs of permanent magnets mounted 
on or within the rotor structure. An example of this is shown diagrammatically in 
figure 3.1. 
In modelling the machines mathematically, the following assumptions are made in 
order to simplify the derivation [87,88]. 
1. Magnetic materials are free of eddy current and hysteresis losses. 
2. Commutation is ideal; a balanced three-phase supply yoltage is considered. 
3. Slotting effects are ignored 1. Distributed windings comprise finely spread con-
ductors of negligible diameter. 





Figure 3.1: Example of PMSM Structure 
4. Air-gap reluctance has a constant component as well as a sinusoidally varying 
component. 
5. Stator windings produce a sinusoidal Magneto-Motive Force (MMF) distribu-
tion. Space harmonics in the air gaps are negligible. 
The electrical equation for the three phases are represented m equations (3.1)-
(3.3) [88]. 
Va = Rsia + p'l/Ja 
Vb = Rs ib + P'l/Jb 




The flux linkages are formed from the interaction of the self and mutual inductances 
with the winding currents, as well as the flux due to the permanent magnets. The 
37 
permanent magnet flux in the winding can be represented as 
cos (Br) 
'l/Jm(abc) = cos (Br - 120°) 'l/Jm 
cos (Br - 240°) 
(3.-1) 
The three phase flux linkage equations can then be expressed as in equation (3.5), 
Laa( Br) Lab( Br) Lac( Br) 
'l/Jabc = Lab(Br) Lbb(Br) Lbc(Br) 'l/Jm(abc) (3.5) 
Lac(Br) Lbc(Br) Lcc(Br) 
where Laa(Br) is the self inductance of phase a, Lab(Br) is the mutual inductance 
between phases a and b, etc. In the ideal machine, each inductance consists of an 
average component and a sinusoidally varying component, with the self inductances 
at a maximum when the rotor q-axis is aligned with the phase and the mutual 
inductances at a maximum when the q-axis is midway between two phases [88]. 




where 'l/Jd and 'l/Jq are the d- and q-axis flux linkages and are derived from translation 
of equations (3.4) and (3.5) into the dq reference frame. Representing the dq-axis in-
ductances as Ld and Lq (which are no longer functions of Br), 'l/Jdq can be represented 
as equation (3.8). 
(
Ld 0) (~'m) ~'dlj = 0 Lq idq + 0 (3.8) 
Combining equations (3.6)-(3.8) results in equation (3.9). 
(3.9) 
3.2 Effect of Injection Signals 
To analyse the effect of the application of a balanced set of high-frequency sinusoidal 
voltages to the terminals of the machine, it is instructive to use the mathematical 
model developed in §3.1 and reproduced as equation (3.10) to produce a model of 
the resulting currents. 
(3.10) 
If the angular frequency of the injection signal, Wi, is sufficient, the resistance of the 
windings can be considered negligible compared to the reactance. In addition, con-
sidering only the high-frequency components of the system, the rotor can be assumed 
to be effectively stationary. As a result, the machine model may be approximated 
in the af3 reference frame by [47]: 
(3.11) 
where Laf3 is the result of transforming the dq-axis inductances into the two-phase 
stationary reference frame [87] as shown in equations (3.12) and (3.13), 
-Lsin2()r ) 









The high-frequency balanced voltage set that is injected into the windings can be 
represented by equation (3.16), 
(3.16) 
where Vi is the magnitude of the injected signal. Combining equations (3.11), (3.13) 
and (3.16) gives equation (3.17). 
(
- cos (Wit)) . (1 -t cos 28r Vi = JWi 




1 + tcos28r 
(3.17) 
Breaking this into the two separate components gives equations (3.18) and (3.19). 
(3.18) 
(3.19) 
In order to identify the resulting currents, it is necessary to solve these simultaneous 
equations for in and if3. A straightforward way to achieve this is to rearrange both 
equations in terms of either in or if3 and then to equate them. Rearrangement of 
equations (3.18) and (3.19) results in equations (3.20) and (3.21) respectively. 
(3.20) 
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· Vi sin (Wit) jLcos(2()r). 
'iJ = Wi (j£ + jL cos (20r)) + (j£ + jLcos (20r)),a (3.21) 
In order to solve these equations for icy', it is first necessary to equate them and 
multiply by (3.22) in order to remove the denominators. 
(3.22) 
This results in equation (3.23). 
(3.23) 
By grouping terms and using trigonometric identities this can be simplified as shown 
in equation (3.24). 
(3.24) 





Considering the orthogonal nature of the axes and the phase relationship between 
sine and cosine, it can be seen that 




Following the same process to find if3 as was used for icx and combining the results 
produces equation (3.30) [2]. 
(3.30) 
It can be seen that for any fJr, this produces an ellipsoidal locus when viewed in 
the a(3 plane. The ellipse is centred on the origin and the major axis of the ellipse 
rotates with fJr. Examples of ellipsoidal current loci produced using equation (3.30) 
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Figure 3.2: Example of Ellipsoidal Current Loci; fJr = 0° 
seen that in theory, since the major axis of the ellipse follows the position of the 
rotor, if the angle of that major axis can be found then sensorless control can be 
achi v d. This approach was first presented in [40]. However it can also be seen that 
any two ellip s at rotor po ition separated by 180° electrical will appear identical 
and thu it i al 0 near to id ntify the magnet polarity in order to distingui h 
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Figure 3.3: Example of Ellipsoidal Current Loci; Or = 45° 
to the ellipse fitting strategy discussed in further detail in section 3.3, alternative 
approaches exist that use a combination of machine and saliency models combined 
with PID controllers to form a tracking observer (as discussed in section 2.5.3 and 
proposed in [50]). However, since one of the primary goals of this research was to 
produce a computationally simple and fast and therefore robust technique, a simple 
demodulation technique is developed in section 3.4 as another alternative. 
3.3 Ellipse Fitting 
The intuitive approach to finding the angle of the major axis of the ellipse is to use 
some form of curve fitting algorithm to identify the coefficients of one of the various 
forms of the standard ellipse equation and to derive the major axis angle from there. 
Consider the Cartesian equation for a general conic shown in equation (3.31) [89], 
AX2 + 2H xy + By2 + 2Gx + 2Fy + C = 0 (3.31) 
w here x and yare the coordinate axes and all other terms are coefficients defining 
th form of the conic etion. In equation (3.31) t he A and B coefficients directly 
aff ct the minor and major axi I ngth coefficient H gives the rotation of the ellip e 
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around the coordinate axis, G and H give the position of the centre of the ellipse 
and C is a scaling factor. 
If H2 < AB and A =1= Band/or H =1= 0 then this equation represents an ellipse (as 
opposed to the other types of conic section) [89]. Rewriting in vector form results 
in equation (3.32), 
f (a, x) = a· x = 0 (3.32) 
where, 
a = (A 2H B 2G 2F c) T (3.33) 
X=(X2 xy y2 X Y l)T (3.34) 
Due to the zero sum of equations (3.31) and (3.32), the constraint H2 < AB =} 
H2 - AB < 0 can be arbitrarily scaled and therefore simplified to H2 - AB = 
- i· Removing doubled components with kl = 2H, k2 = 2G and k3 = 2F gives 
4AB - kr = 1. Expressing this in the matrix form aT Ca = 1 as 
0 0 2 0 0 0 
o -1 0 0 0 0 
aT 
2 0 0 0 0 0 
a=1 (3.35) 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
and following [90] results in the ellipse fitting process being a case of performing 
a standard least squares minimisation of E = IIDal12 subject to the constraint 
aTCa = 1 [91], where D is referred to as the 'design matrix' and contains the 
vectors corresponding to each measured point on the ellipse circumference. 
Once the coefficients in a have been identified, they can again be scaled arbitrarily 
and, since the ellipse is centred on the origin (as discussed in §3.2). it can be seen 
that k2 = k3 = 9 = f = O. Therefore, the Cartesian ellipse equation is reduced to: 
AX2 + 2H xy + By2 + 1 = 0 (3.36) 
Using these parameters, the angle of the major axis of the ellipse can be found from 
equation (3.37). 
1 1 2H ()major = -2 tan- A-B (3.37) 
However, due to the ~ tan-1 term in equation (3.37), the result is constrained in the 
region -45° ---+ 45°. This does not give sufficient information to derive the absolute 
position of the major axis. It is therefore necessary to enhance the method shown 
in [40] to deal with this discrepancy. By rotating equation (3.36) to be aligned with 
the axis and solving the resulting equation, it is found that in order to determine the 
absolute position, an additional 90° must be added to the result of equation (3.37) 
if the sign of (3.38) is negative. 
(A - B) cos (2()major ) + 2H sin(2()major) (3.38) 
With this addition, the position of the major axis can be found for all rotations of 
the ellipse. However, due to the symmetrical shape of the ellipse, it is impossible 
with this position derivation to find whether the top or bottom end of the ellipse 
corresponds to the north magnetic pole. This issue is discussed in section 3.5. 
3.4 Demodulation 
Examining the currents resulting from voltage injection shown in equation (3.30) 




The rotor position information is contained only in the second component. There-
fore, by isolating this component and removing the injection frequency dependent 
component, the rotor position can be found. To achieve this, the oJ3 reference frame 
currents are rotated into a reference frame that is synchronous with the injected 




The first component is thus time invariant and can be removed using a simple high-
pass filter. This results in equation (3.42). 
(3.42) 
Removal of the final unwanted component can be achieved by rotating equation (3.42) 
to a reference frame that is rotating at the same speed as the injection signals but 





A simple Cartesian-to-polar transformation completes the scheme. As with all 
saliency based techniques, it is then necessary to identify magnetic polarity, as dis-
cussed in section 3.5. 
3.5 Polarity 
Due to the symmetry of the inductance profile in permanent magnet brushless ma-
chines, saliency based estimation techniques must be supplemented by a system 
that identifies the magnetic polarity. In practical systems, this only needs to be per-
formed once at startup as the estimator can simply monitor the position estimation 
and switch polarity whenever there is a sudden large change in the estimated rotor 
position. 
There are a number of approaches to magnetic polarity detection. The simplest of 
these (and the one adopted in this thesis) is to simply make an assumption as to the 
polarity of the machine and then verify that it is correct when power is first applied. 
Alternatively, it has been reported [40] that it is possible to identify magnetic polar-
ity by applying brief test pulses to each phase individually and deriving the polarity 
from the rate of change of induced currents. It is also possible to identify magnetic 
polarity using magnetic saturation effects on the saliency image [92]. Selection of 
an optimised approach to this, however, is beyond the scope of this thesis. 
3.6 Slotting Effects and Saliency Distortion 
3.6.1 Introduction 
The development of the position sensorless strategy discussed in sections 3.1 to 3.4 
has assumed an ideal machine. As discussed in [47] and [93], this is invariably not 
the case. The ideal machine assumes a single, sinusoidally distributed saliency with 
a period equal to the pole pitch. Additional distorting components are introduced 
by stator slotting effects. As a result, the model of the captured currents that the 
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derivation was based upon is inaccurate. An alternative modeL originally presented 
in [47], is described by equation (3.45), 
(3.45) 
where Ik is the magnitude of the kth component of the saliency, hk is the harmonic 
number of that component and ¢>k is the phase shift of that component relative 
to the a axis. In this model, the second component of equation (3.30) has been 
replaced by a Fourier series that can represent any periodic form. 
Sections 3.6.2 to 3.6.4 demonstrate simulation results that show the effect of this 
distortion on the techniques discussed in sections 3.3 and 3.4. 
3.6.2 Simulated Currents 
The model of equation (3.45) was used with a single additional saliency component to 
generate a set of simulated currents over one electrical cycle in order to demonstrate 
the effect of this distortion on the sensorless algorithms. The coefficients were chosen 
to match test results for a practical machine. The details of the machine and the 
testing performed are discussed in more detail in chapters 4 and 5. The chosen 
coefficients are shown in table 3.1. 
Parameter Value 
h ~ Vsjrad 
h i Vsjrad 




¢>3 3.28 rad 
Table 3.1: Coefficients Selected for Slotting Simulation 
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Examples of the current loci produced at rotor electrical angles of 0° and 60° are 
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Figure 3.5: Example of Current Loci with Distortion; Br = 60° 
still ellipsoidal and that the distortion is not obvious apart from a small devia-
tion from the xpect d angl . However compari on of the ellip for intermediate 
point make th ff t mor di tin tiv . Viewing each ellip in a reference fram 
align d with it own maj r axi allov compari on of the hap of the indi idual 
ellipses. Figures 3.6 and 3.7 show these shapes for rotor positions of -150 and +150 
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Figure 3.7: Ellipse Aligned with Major Axis, Br = +150 
axis length. In compari on to the q-axis, the d-axis offers a very high reluctance 
ompri ing the air gap and the effe tive magnet length and i therefore relatively 
in n itiv to p I'm an variation du to lotting. In addition to thi magnitud 
th I' i a larg d gr of ph di tortion. Thi i d mon trat d by th 
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results shown in sections 3.6.3 and 3.6.4. 
3.6.3 Effect on Ellipse Based Techniques 
The ellipse-fitting process presented in section 3.3 was applied to the currents that 
were simulated in section 3.6.2. Examples of the fitted ellipses are shown in fig-
ures 3.8, 3.9 and 3.10 for rotor positions of 0°, 15° and 60° respectively with the 
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Figure 3.8: Example of Fitted Ellipse; ()r = 0° 
It can be seen that the current loci are closely matched by the modelled ellipses, 
despite the magnitude distortion shown in section 3.6.2. The information regarding 
the rotor position is contained in the phase, however, rather than the magnitude of 
the current loci. It is therefore instructive to plot the position estimate against the 
actual rotor position in order to see this effect. As can be seen from figure 3.11 
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Figure 3.9: Example of Fitted Ellipse; er = 15° 
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Figure 3.11: Estimation Results with Ellipse-Fitting Strategy 
3.6.4 Effect on Demodulation Techniques 
Following the analysis of section 3.6.3, the demodulation process was used on the 
simulated currents of section 3.6.2 in order to discover the effect of the distortion 
on the demodulation technique. Before showing the results of this, however, it is 
instructive to consider the effect analytically. 
Application of the demodulation process discussed in section 3.4 to the model of 
equation (3.45) results in the currents of equation (3.46). 
(3.46) 
It can be seen that there is no direct way to derive Br from this equation and 
therefore it is inevitable that distortion will be present in the results obtained from 
this approach. Although the strategy still successfully isolates the time invariant 
components as expected it can be seen from figure 3.12 that the distortion affects the 
d modulation proce in a imilar manner to the ellipse-fitting strategy. Figure 3.13 
hows th ali ncy fing rprint re ulting from thi proce . Thi i formed by plotting 
th point drib d b qu tion (3.46) for each rotor po ition (the blu hap in the 
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Figure 3.12: Estimation Results with Demodulation Strategy 
figure) along with a green circle describing the equivalent points on the 'fingerprint 
of an ideal machine. In figure 3.13, the shapes have been scaled for clarity such that 
the triangle fits within the circle. The red interconnecting lines show the relationship 
between individual points on each shape. The points are chosen such that the spacing 
between rotor positions is even and therefore so is the spacing between points on 
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Figure 3.13: 'Saliency Fingerprint' Result ing from Distorted Current 
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It can be clearly seen that the ideal circular shape has been se\'erely distorted and 
that there is a tendency for the points to cluster around the apexes of the distorted 
shape, resulting in the errors shown in figure 3.12. 
3.6.5 Overcoming the Effects 
It is clear that there is a need to develop an approach to overcome these distorting 
effects. The work presented in [47] proposed a solution of implementing additional 
feedback terms for each additional component to the tracking observer. Each of these 
feedback terms consists of a model of the saliency component that is being removed. 
Each additional loop adds considerable complexity to the (already complex) tracking 
observer structure and it is desirable to explore computationally simpler alternatives 
for low-cost applications. These are discussed in section 3.7. 
3.7 Compensation 
3.7.1 Introduction 
In order to compensate for the slotting effects discussed in section 3.6 in a computa-
tionally simple way, two main approaches were considered. These were both based 
on generation of a correction table that could be used to remove the distortion on 
the output. Section 3.7.2 discusses the direct application of manually captured test 
data for table generation and section 3.7.3 discusses a more automated approach 
that offers the possibility of online adjustment for parameter variations. 
3.7.2 Manual Table Generation 
The first option for a correction table based approach is to use static test data 
captured from the machine. By attaching an accurate mechanical position sensor 
and a locking gearbox to the shaft of the machine, a detailed characteristic (in the 
form of a 'saliency fingerprint') can be captured. This is achien'd by using the 
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locking gearbox to rotate the machine through a fixed angle over one half of an 
electrical cycle (alternatively, more points can be used in order to increase accuracy 
and resilience to individual test-point noise). At each point, the injection system 
is used to apply a balanced set of sinusoidal voltages to the machine terminals and 
either the ellipse-fitting or the demodulation approach is used to generate a position 
estimate. This estimate is used as the 'input' to the table. The 'output ' is read 
directly from the mechanical position sensor. 
This results in a small table size; intermediate positions can be found through lin-
ear interpolation. An example of a manually generated correction table is shown 
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Figure 3.14: Example of Manually Generated Correction Table 
The principal advantage of this approach is in terms of simplicity. Although there is 
a large amount of manual intervention required in order to generate the table for a 
given machine, the online processing requirements are minimal and hence the tech-
nique is ideally suited for the minimal cost applications upon which this investigation 
has concentrated. It also has minimal memory requirements· in tests carried out in 
the practical development di cus ed in chapter 5, only 100 values were required to 
be stored and thi was ampl for accurate results. Another po ible ad ant age of 
thi approa h i hat uming param t r invariance and h nce tabilit· of th fin-
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gerprint' form, the approach is very accurate as the information used for correction 
is based on real captured data. 
The latter advantage, however, could also be considered as a significant disadvantage. 
If the assumption of parameter invariance is invalid and the operating conditions 
of the machine result in significant variation of the 'fingerprint' form, the accuracy 
of this approach is likely to diminish. There is also the obvious disadvantage of 
the large amount of machine-specific testing that is required in order to set up the 
system. 
3.7.3 Automatic Table Generation 
It is desirable to have an alternative option for generation of the table discussed in 
section 3.7.2 that does not require a large amount of user intervention. One obvious 
approach to this is to remove the locking gearbox from the test rig and perform tests 
with the machine rotating at low speed and with the injection signals superimposed 
on the drive signals. The mechanical position sensor can be used both for driving 
the machine and also for producing the 'output' of the correction table. 
Although this allows a more automated approach to table generation, it still main-
tains the disadvantage of parameter variation sensitivity. In addition, there is the 
requirement to attach a mechanical position sensor to the shaft of the machine, 
thereby necessitating undesirable offline testing. 
In order to overcome these disadvantages, an alternative solution is proposed. This 
involves dynamically generating the correction table using the model of the distortion 
presented in section 3.6. This enables the system to be commissioned without the 
use of a mechanical position sensor and also makes it possible to dynamically correct 
the model as the machine is operated. 
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The model of the distorted currents is reproduced here as equation (3.c!7). 
(3.47) 
Performing the demodulation processing on these currents will still remove the first 
component and also the time dependent component of the other parts. Following 
the same derivation as in section 3.4 results in the currents shown in equation (3.48). 
(3.48) 
It can be seen that there is a Fourier series in i~ and i~. Therefore, a complex 
Fast Fourier Transform (FFT) of these currents can be used to identify the coeffi-
cients [51]. However, the calculation can only be performed when the machine is 
rotating and a number of points can be measured at different rotor positions. There 
are two options for this (excluding the use of a mechanical position sensor, which 
would make the modelling process redundant). Firstly, the machine can be grad-
ually accelerated using a fixed ~ drive with a steadily increasing frequency. This 
will enable an initial measurement to be performed. The second option is to wait 
until the system is in use and the machine has been accelerated to run either with 
the signal injection system or, at higher speeds, with a back EMF based approach. 
Once the machine is running, the injection system can again be used to update the 
model and correct for parameter variations. 
Given the coefficients that are derived using the FFT, a small sample of rotor posi-
tions (the 'output') can be applied to the model of the distorted currents to generate 
the 'input' to the correction table for use in future measurements. 
This system has the advantage over the system of section 3.7.2 that the correction 
table can be automatically generated without user intervention. In addition, the 
model can be updated while the machine is in use in order to compensate for pa-
rameter variations. Because of the fact that the table is based on a model rather 
than mannally captured data, however, the accuracy is expected to be lower. 
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Although there is a relatively large amount of computation involved in performing 
the FFT, the processing only has to be performed periodically and there is no firm 
deadline for completion (unlike the main sensing routine, which would usually have 
to complete in the PWM period). Therefore, these increased processing requirements 




4.1 Machine Types and Parameters 
4.1.1 Introduction 
In order to fully validate the technique discussed in chapter 3, testing was carried 
out on three machines with different topologies and applications. For simplicity and 
clarity, these machines will be referred to according to application as the' Actuator' 
motor, the 'Kart' motor and the 'Traction' motor. The details of the machines are 
discussed in sections 4.1.2, 4.1.3 and 4.1.4 respectively. 
4.1.2 The 'Actuator' Motor 
The 'Actuator' motor, shown in figure 4.1, is a six pole PMSM with permanent 
magnets mounted on the surface of the rotor. The stator of the machine has nine 
slots. 
The intended application of this machine, which is designed to operate in brushless 
DC mode, is for actuation of an aircraft slat yia a lead screw. Duc to the short 
duty-cycle of this application, the machine also has an elpctromagnetically released 
Illcch;lll ic;\l brake to PIT\TIlt undesired IllOYCIllcnt of the shaft. 
60 
All dimensiollll are rom 
WIless otherwise stated 
Figure 4.1: Cross Section of 'Actuator ' Motor 
Despite the non-salient rotor design, the machine exhibits an inductance variation 
of Lq : Ld ~ 1.2 : 1 due to saturation of the stator iron in the region of the poles 
of the magnets. Flux density plots of the unexcited machine at two different rotor 
positions (produced using FEA techniques and shown in figures 4.2 and 4.3) clearly 
demonstrate this effect. 
Table 4.1 summarises the key parameters of this machine. 
4.1.3 The 'Kart' Motor 
The 'Kart' motor is a six pole , eighteen slot PMSM with buried magnets mounted 
radially and in a spoke formation. The flux induced by the magnets is thus tangential 
to the rotor. A cross-section of the machine is shown in figure 4.4. This machine 
was designed to provide power to an electrically propelled go-kart' and like the 
'Actuator' motor, is designed to operate in brushless DC mode. 
Due to the sali nt rotor d ign the magnetic cir uit in the d-axi i ignificantly 
differ nt to that in th q-axi and h nce th re i izeabl inductance variation with 
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Figure 4.2: Flux Density Plot of Unexcited 'Actuator ' Motor, ar = 0° 
Figure 4.3: Flux Density Plot of Unexcited Actuator Motor , ar = 30° 
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Parameter II Value 
Rated Current 130 A 
Nominal Torque 19.8 Nm 
Phase Resistance 40 mn 
Phase Inductance 356 \-tH 
Flux Induced By Permanent Magnets 42 mWb 
Phase EMF (peak) Constant 0.22 V jrad s-
N umber of Poles 6 
Number of Stator Slots 9 
Table 4.1: Machine Parameters for 'Actuator' Motor 
AU duncns.loD.8 arc mm 
unless othorwiao stated 
Figure 4.4: Cross Section of 'Kart' Motor 
rotor position (Lq : Ld ~ 1.5 : 1). As with the 'Actuator' motor, FEA techniques 
have been used to produce flux density plots of the unexcited machine in order to 
visualise the differences in the operation of the different machine topologies. An 
example plot is shown in figure 4.5. 
The key parameters of the machine are summarised in table 4.2. 
4.1.4 The 'Traction' Motor 
Th 'Tra tion motor i an eight pol twelve lot PMSM with mbedd d magn t . 
A an b n in th tion of figur 4.6 the magn t ar mounted t ng n-
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Figure 4.5: Flux Density Plot of Unexcited 'Kart' Motor 
P arameter II Value 
Rated Current 100 A 
Nominal Torque 20 Nm 
Phase Resistance 27 mn 
D-Axis Inductance 190-210 ~H 
Q-Axis Inductance 290-340 ~H 
Flux Induced By Permanent Magnets 82.2 mWb 
Phase EMF (peak) Constant 0.24 V /rad s-
N umber of Poles 6 
N umber of Stator Slots 18 
Table 4.2: Machine Parameters for 'Kart ' Motor 
tially within the rotor thereby resulting in a radial flux distribution. This machine 
is designed to operate in brushless AC mode and hence exhibits minimal cogging 
torque. 
Th intended application for t his machine is to provide power for one of the driving 
wh Is in a full size electric vehicle. 
A with the Kart motor there i a considerable difference betw en the magnetic 
path in th d- and q-ax . A r ult ther i a ignificant inductance variation in 
64 
230. 
All climeru;ions are rom 
unless otberwise stated 
Figure 4.6: Cross Section of 'Traction' Motor 
the stator windings (Lq : Ld ~ 2 : 1). In order to allow comparison of the flux paths 
in the different machines, a flux plot for this machine (when unexcited) is shown in 
figure 4.7 and the key parameters of the motor are summarised in table 4.3. 
4.2 Finite Element Analysis 
4.2.1 Introduction 
In order to confirm the theoretical analysis of chapter 3 in a more comprehensive 
simulation, FEA techniques were adopted. This has the advantage that a detailed 
model of the saliency distortion in the test machines can be developed and the effect 
of this distortion on the accuracy of the technique can be assessed. In addition, the 
analysis process can be used by machine designers to incorporate sensorless control 
considerations into the design process, thus providing a valuable tool for optirni ing 
a machin d ign for imple and accurate zero pe d sen orl po ition e timation 
aswll for machin p rforman e. 
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Figure 4.7: Flux Density Plot of Unexcited 'Traction' Motor 
Parameter II Value 
Continuous Rated Current 180 ARMS 
Nominal Torque 110 Nm 
Phase Resistance 6.5 mf2 
D-Axis Inductance 170 ~ 
Q-Axis Inductance 400- 300 ~H 
Flux Induced By Permanent Magnets 65 mWb 
Phase EMF (peak) Constant 0.19 V jrad s-
N umber of Poles 8 
N umber of Stator Slots 12 
Table 4.3: Machine Parameters for 'Traction' Motor 
Section 4.2.2 provides an overview of the methodology adopted in the analysis and 
section 4.2.3 presents the results for the test machines. Unfortunately, the precise 
geometries of the 'Kart ' motor were unavailable and therefore modelling this machine 
in this way was impractical. However, detailed schematics were available for both 
the Actuator ' motor and the 'Traction' motor and hence these have been u ed in 
thi analysis. 
4.2.2 Analysis Methodology 
Due to the computational complexity of FEA techniques, it is undesirable to use 
voltage injection in the models. It is necessary to define an external circuit when 
applying voltages to finite element models and this requires additional computation 
(for modelling of the external circuit). As an alternative, current injection can 
be used as it produces very similar saliency forms when the injection signals are 
sinusoidal. This has the advantage that no external circuit needs to be modelled and 
also that the modelling can be performed in the steady-state rather than carrying 
out a transient analysis. In order to detect the inductance variation in the machines, 
the flux linking the phases can be calculated (using the finite element method) and 
the 'saliency fingerprint' derived therefrom. The Clarke and Park transformations 
that are used in the demodulation process are equally valid for voltages, currents 
and fluxes. 
In practice, the modelling process begins with the production of a detailed mechan-
ical drawing of the machine to be analysed. The mechanical drawing is provided to 
the FEA software and the electromagnetic properties of each individual region are 
identified. For example, each phase winding is identified, as are the strengths and 
magnetic orientations of the magnets and the B-H curve of the rotor and stator core 
materials. 
The finite element mesh sizes are then defined in order to ensure that a detailed 
analysis is carried out in small regions where there is a high concentration of field (for 
example, the air gap and the stator teeth). For each rotor position over one electrical 
revolution a set of simulations is then carried out with the current densities in the , 
windings set to vary sinusoidally (as a balanced set) over an electrical cycle. In the 
simulations carried out for this thesis, the angular step chosen was one mechanical 
degree. For the six pole 'Actuator' motor, 120 x 120 = 14400 simulations were thus 
required, whilst for the eight pole 'Traction' motor, only 90 x 90 = 8100 were used. 
Due to the predetermined number of simulations required, it was decided t hat the 
simulations could use the entire mechanical structure, rather than a segment with 
rotational symmdry. This simplifies the preparation stage of the simulation, allwit 
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at the expense of increased (unattended) computation time. If a large number of 
models were required and computation time a significant issue, the process could 
easily be accelerated by using a small segment and also by taking into account 
the symmetry of the 'saliency fingerprint' in order to reduce the number of rotor 
positions required. 
None of the machines used in this development are skewed. It is important to note, 
however, that if a machine were skewed, it would be important to take this into 
consideration when modelling the machine. It is also important to note that this 
approach to finite element modelling ignores frequency effects such as eddy currents 
and hysteresis losses. However, it will be seen from the experimental analysis of 
section 5.3 that the finite element models closely match the experimental results, 
thus validating the method. 
4.2.3 FEA Results 
The imported mechanical drawing of the 'Actuator' motor is shown in figure 4.8 
with the regions defined. 
The phase windings are individually labelled to enable simple control of the current 
densities. In figure 4.8, the phase windings labelled 'AI' refer to the phase A wind-
ings on the outward path, while 'A2' refers to those windings on the return path. 
The same notation is used for phases Band C. The meshed machine is shown in 
figure 4.9 and the increased mesh density in 'sensitive' areas can be clearly seen. 
The model is then ready for computation. Once each computation step is complete, 
the flux density of the machine can be viewed (figure 4.2 in section 4.1.2 gives an 
example for the unexcited machine). In addition, the flux can be calculated for 
each set of phase windings. The flux linkage can then be calculated according to 
Figure 4.8: Finite Element Model of 'Actuator ' Motor 
Figur 4.9: Finite Element Mesh for Actuator' 11otor 1.1odel 
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equations (4.1)-(4.3), 
'l/Ja = 3N (hI B ds - h2 B ds ) 
'l/Jb = 3N (hI B ds - h2 B ds ) 
'l/Jc = 3N (kl B ds - k2 B ds ) 
(4.1) 
( .. 1.2) 
(4.3) 
where N is the number of turns in the phase windings. It is then necessary to 
translate the abc flux linkages to the Ci/3 reference frame using the Clarke transform, 
as shown in equation (4.4). 
f2 (1 -~ 
'l/Jaf3 = V '3 0 ~3 (4.4) 
The Ci/3 flux linkages are then rotated to a reference frame that is synchronous with 
the injected signal, to give the flux linkages in the 'l/J' reference frame, 
(4.5) 
where fh is the injection angle corresponding to a given data point. Since the sim-
ulations were carried out over exactly one electrical cycle (of injection signal), the 
high-pass filtering can be replaced with a simple removal of the offset, as shown in 
equation (4.6). 
'l/J/iltered = 'l/J' - i/;' (4.6) 
A second Park transform is then used to remove the remaining time dependent 
components. 
When analysing the results of this 'post-processing', there are two main methods 
that are used to assess the saliency of the machine. Firstly, the 'saliency fingerprint' 
can be plotted direct I.\' from the 'illYers(' injection' reference frame flux linkages (v") 
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and compared with idealised results derived from the actual rotor positions. For 
the 'Actuator' motor, the 'saliency fingerprint' from FEA simulation is shown in 
figure 4.10. The distortion from the idealised shape (shown in green) can be clearly 
seen and the red interconnecting lines make clear the phase distortion that results 
from the non-ideal saliency. It will be seen in section 5.3.1 that the results of the 
FEA closely match those found experimentally. The other method that is useful for 
assessing the form of the saliency is to compare the final results of the estimation 
with the true rotor position. 
This comparison is shown in figure 4.11 for the 'Actuator ' motor. It can be seen 
that the large 'fingerprint' distortion is manifested in a large 'ripple ' on the measured 
position. Once again, this distortion will be seen to closely match the experimental 
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Figure 4.10: 'Saliency Fingerprint' from FEA for 'Actuator' Motor 
The same analysis process was also applied to the 'Traction' motor. Structurally, 
this machine is very different to the' Actuator' motor. As well as having embedded 
magnets, the air gap is much larger (as a proportion of the outer diameter) as 
is the slot opening size. Thi results in a smoother MMF distribution in the air 
gap and h nc an improv d saliency. Thi i confirmed by the saliency fingerprint 
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Figure 4.12 : 'Saliency Fingerprint' from FEA for 'Traction' Motor 
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considerably less clustering of points around the apexes of the 'fingerprint . The 
magnitude distortion is also reduced. Figure 4.13 shows a direct comparison of the 
estimated and ideal rotor position estimation results. Once again, it can be seen that 
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Figure 4.13: Estimation Results from FEA for 'Traction' Motor 
there is a 'ripple' on the measured position. However, the magnitude of the ripple 
is considerably less than that seen in the' Actuator' motor. Section 5.3.3 includes 
experimental verification of the accuracy of these results and therefore the validity 
of the approach for the 'Traction' motor. 
4.3 Confirmation of Effect 
In order to demonstrate the saliency distortion effects discussed in section 3.6 and 4.2, 
initial testing was carried out using a power amplifier based signal injection system. 
This results in injection signals that have only one component in the frequency 
spectrum, thus minimising distortion and noise in the captured currents . 
A signal generator was used to generate three 1 kHz sinusoidal voltages of equal am-
plitud and with 1200 phas differ nee. U ing three 100 W power amplifiers de ign d 
for audio appli ati n (and th r for w 11 uit d to the injection frequene ), initial 
7 
tests were carried out to confirm the form of the resulting currents. Figures 4.14 
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Figure 4.14: Ellipsoidal Current Locus; ()r = 0° 
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Figure 4.15: Ellipsoidal Current Locus; ()r = 30° 
The rotation of the major axis of the ellipse is clearly visible - for a shaft rotation of 
()r (el ctrical), the major axi rotate by an angle of ()r. This confirms the analy is 
of tion 3.2. 
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In order to demonstrate the effects of slotting in the machine, it is instructive to 
view the ellipses in a reference frame linked to the major axis. In figures 4.16 
and 4.17, this view is shown for rotor positions of 19° and 41°. It is clear that there 
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Figur 4.17: Ellipse Orientated to Major Axis' Or = 41 ° 
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In addition to the magnitude distortion, there is also a significant phase distortion. 
This phase distortion is the primary reason for errors in position estimation. Using 
the ellipse fitting technique discussed in section 3.3, the angle of the major axis was 
found at each rotor position. This resulted in the estimated position information 
shown in figure 4.18. It can be clearly seen that the distortion has a significant effect 
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Figure 4.18: Result of Ellipse Fitting 
4.4 Detailed Testing 
In order to fully test the machines discussed in section 4.1 for the ability to detect 
rotor position, it was necessary to capture currents over a wide range of rotor posi-
tions and with a realistic injection system based on a PWM drive. The development 
of this test system is detailed in sections 4.5-4.8. 
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4.5 Hardware 
4.5.1 Digital Signal Processor 
Due to the low processing requirements of a simple injection system, the Texas In-
struments TMS320LF2407 fixed-point DSP starter kit provides a suitable platform 
for development of the initial test rig. This DSP has built-in PWM generation cir-
cuits and includes several automatic timers that can be used for the 1 kHz sinusoidal 
signals. In addition, it has a large quantity of general purpose I/O pins that were 
needed for Resolver-to-Digital Converter (RDC) access. 
4.5.2 Drive Choice 
A high power Insulated Gate Bipolar Transistor (IGBT) based Mitsubishi Intelligent 
Power Module (IPM) was used as the power stage to allow for testing of the different 
machines at different power levels. The IPM ratings are detailed in table 4A. 
Parameter II Maximum Value 
Collector-Emitter Voltage 600 V 
Collector Current 200 A 
Peak Collector Current 400 A 
Collector Dissipation 595 W 
Switching Frequency 20 kHz 
Table 4.4: Power Module Ratings 
Three LEM LTAIOOP jSP1 Hall-effect CTs were used on the output connections 
from the IPM to enable the line currents to be captured. The IPM is shown (with 
heatsink attached) in figure 4.19 and the three CTs are shown in figure 4.20. 
4.5.3 Mechanical Hardware 
The machine under test was coupled to a locking gearbox for static testing and a 
brushlcss 1'('soln'l" was used to measure accurately" the position of the rotor. This was 
esseIlt ial for the \Trificatioll of the accurac~" of the techniques. The sallle mechanical 
I I 
Figure 4.19: Photograph of IPM 
Figure 4.20: Photograph of Current Transducers 
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rig was used for testing the two smaller machines; a separate resolver and gearbox 
were mounted on the shaft of the larger 'Traction' motor. Figure 4.21 shows a 
photograph of the mechanical test rig with the 'Kart ' motor attached. The Traction 
motor is shown with the locking gearbox attached in figure 4.22. 
Figure 4.21: Photograph of 'Kart' Motor with Gearbox 
Figure 4.22: Photograph of 'Traction' Motor with Gearbox 
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4.5.4 Interface Boards 
For this implementation, two interface boards were developed. The first of these is 
the gate drive board for the IPM. This consists of a DC-DC converter that produces 
four isolated 15 V power supplies (one for the bottom switches of the inverter and 
one for each of the top switches), and an opto-isolator for each switch to protect 
the DSP control electronics and to increase the signal voltage to a level sufficient to 
control the IGBTs in the IPM. Figure 4.23 shows a photograph of the final Printed 
Circuit Board (PCB). 
Figure 4.23: Photograph of Gate Drive PCB 
The second interface board enables the usage of the DSP with the resolver and 
drive. In addition to the signal routing and buffering for the connections to the gate 
drive board, several test points are included to allow oscilloscope access to all of 
the connections on the DSP board. Finally, an RDC integrated circuit is included 
(along with all of the necessary auxiliary electronics) in order to capture the accurate 
rotor position for accuracy checking. A photograph of the final PCB is shown in 
figure 4.24. 
o 
Figure 4.24: Photograph of DSP Interface Board 
4.6 Implementation of Static Testing Procedure 
To create the required injection signals, the DSP was configured with two timers: 
one with a period of 50 J..lS for the PWM and the other with a period of 1 IDS for the 
injection waveforms. On each cycle of the PWM timer , the output of the injection 
waveform timer was captured. The sine and cosine of this value were then computed 
using an assembly language (to improve speed) routine that used a short look-up 
table combined with a simple linear interpolator. The inverse Clarke transform was 
then used to create three 1200 phase displaced sinusoids. These were used in three 
comparators operating on the PWM timer to produce the switching control signals. 
The built-in dead-band circuitry was used to generate the switching signals for the 
gate drive board, whilst ensuring that short circuit conditions did not occur . A flow 
chart of this functionality is shown in figure 4.25 . 
4.7 Test Procedure 
For ach machine, the test rig was connected and the injection voltages applied to 
giv lin CUlT nt of approximately 1 A. The output from the CT were pas d 
t hrough balan d cond ord r notch filt r and conn ct d to th Analogue-to-
1 
fN'A 20klli 
DEAD ~ BAND 0 
UNIT ...... 
() Z <: 0 
2 ~ t;rj ~ 
;t#11klli 
;2 DEAD 
~ BAND t?=:1 
~ UNIT ~ CJ) 3 0 ~ ~ ...... 
CJ) ~ 
DEAD 0 p:: 
BAND t?=:1 
UNIT CJ) 
Figure 4.25: Flow Chart Illustrating DSP Functionality 
Digital Converter (ADC) converter inputs of the DSP. The DSP was then used 
to perform the Clarke transform on the captured currents (to convert from the abc 
reference frame to the 0'.(3 frame) and to store a large sample of results. Finally, 
the Texas Instruments DSP interface software was used to directly access the stored 
values in the on-board memory on the DSP. In addition, the position reported by 
the RDC was manually stored. 
This approach had the advantage (over oscilloscope based capture) that the results 
to be processed in MATLAB were of identical accuracy to those that would be used 
in the final system. This process was repeated at each 'stop' of the locking gearbox 
- in steps of 1.25° mechanical. 
4.8 Results 
4.8.1 The 'Actuator' Motor 
Figures 4.26 and 4.27 show examples of captured stator currents at rotor positions 
of 0° electrical and 60° electrical respectively. As expected, there is clear amplitude 
modulation of the currents. The ellipsoidal current loci discussed in section 3.2 can 
be seen in figures 4.28 and 4.29 for the same rotor positions as before. The rotation 
of the major axis is visible despite the low saliency of the machine (which results in 
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Figure 4.29: Current Locus for Actuator Motor· Or = 60° electrical 
of the three machines, it is instructive to superimpose all of the ellipses produced 
with a given machine (for different rotor positions) on the same graph. The result 
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Figure 4.30: Superimposed Ellipses for' Actuator ' Motor 
form of the saliency, without the additional steps required to generate a 'saliency 
fingerprint'. The width of the distorted annulus shows the difference between the 
major and minor axis length and therefore the degree of saliency present in the 
machine. A thicker annulus represents a machine with a more distinct saliency. For 
a machine with an ideal, undistorted , saliency, both the inner and outer edges of 
the saliency would be perfectly circular. It can be seen in figure 4.30 that there is a 
considerable level of distortion in the shapes with this machine. 
4.8.2 The 'Kart' Motor 
Figures 4.31 and 4.32 show examples of captured stator currents at rotor positions 
of 0° electrical and 60° electrical respectively. As with the results from the Ac-
tuator' motor , the amplitude modulation can be seen. The ellipsoidal current loci 
can be seen in figures 4.33 and 4.34 for the same rotor positions as before. The 
rotation of th major axi of the ellip e i clearly visible. A expected the ellip oidal 
5 
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Figure 4.34: Current Locus for 'Kart Motor; ()r = 60° electrical 
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shape is more distinct due to the higher level of saliency present in the machine. 
















-1 -0.5 o 
Normalised ia 
0.5 1 
Figure 4.35: Superimposed Ellipses for 'Kart' Motor 
The larger saliency in this machine can be clearly seen for this machine. However, 
there is still a very high level of distortion of the shape of the annulus, corresponding 
to a high level of saliency distortion. 
4.8.3 The 'Traction' Motor 
Figures 4.36 and 4.37 show examples of captured stator currents at rotor positions 
of 0° electrical and 60° electrical respectively. Once again, the amplitude modu-
lation is apparent. The ellipsoidal current loci can be seen in figures 4.38 and 4.39 
for the same rotor positions as before. Again, the rotation of the major axis of 
the ellipse is clearly visible and the ellipsoidal shape is distinct. Superimposing all 
ellipses on the same axes results in figure 4.40, in which it can be seen that there is 
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Figure 4.40: Superimposed Ellipses for ''fraction' Motor 
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Chapter 5 
Validation of Techniques with 
Experimental Results 
5.1 Introduction 
Once the signal injection system discussed in chapter ~ had been used to produce 
a large set of captured currents for each machine, it was necessary to simulate the 
techniques detailed in chapter 3 with experimental data. The results of ellipsoidal 
and demodulation based analysis are detailed in sections 5.2 and 5.3 respectively. 
Section 5.4 explains the choice of the demodulation technique over the ellipsoidal 
approach and section 5.5 gives simulation results from the compensation system. 
5.2 MATLAB Analysis of Ellipsoidal Technique 
5.2.1 The 'Actuator' Motor 
Although the ellipsoidal shape is not as distinctin' as that seen in the other ma-
chines. the ellipse-fitting routine discussed in section 3.3 was capable of producing 
all accurate model of the captured ellipsoidal currents at each rotor position. Fig-
ures 5.1 ,weI 5.:2 sho\\' l'XaIllples of the fitted ellipse at rotor positions of 0° and (iO° 
respectively. The fitted ellipse equation is of the form shown in equation (3.36) and 
reproduced here as equation (5.1). 
Ai~ + 2Hiai(3 + Bi~ + 1 = 0 (5.1) 
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Figure 5.2: Fitted CW'rents - 'Actuator' Motor er = 60° 
93 
equation (5 .2) was used to derive the angle of the major axis of each ellipse. 
eest _ 1 t -1 2H { 0 
r -"2 an A-B+ 7r 
2" 
(A - B ) cos (2e~st) + 2H sin(2e~st ) ;?! 0 
(5.2) 
(A - B) cos (2e~st) + 2H sin (2e~st) < 0 
For the rotor positions shown in figures 5.1 and 5.2, this estimated major axis loca-
tion is shown in figures 5.3 and 5.4 respectively. It can be seen that the estimation 
fits the position of the ellipse accurately. 
1 
- - Captured Data 
0.8 





















Figure 5.3: Estimation from Fitted Currents - 'Actuator ' Motor ; er = 0° 
Combining all of the major axis angles of the ellipses onto a single plot results in 
the position information shown in figure 5.5. There is clearly a high level of error 
resulting from distortion in the saliency of the machine. 
5.2.2 The 'Kart' Motor 
As with the' Actuator' motor , the ellipse-fitting routine was able to produce an ac-
curate model of the captured ellipsoidal currents from the Kart ' motor. Figures 5.6 
and 5.7 show examples of the fitted ellip es with the estimated major axis angles 
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Figure 5.4: Estimation from Fitted Currents - 'Actuator ' Motor ; Or = 60° 
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Figure 5.8: Position Estimation Results for 'Kart' Motor 
again, a high level of error is present; although there is an increased saliency, it is 
insufficient to overcome the distortion. 
5.2.3 The 'Traction' Motor 
Figures 5.9 and 5.10 show examples of fitted ellipses for the 'Traction' motor with 
the estimated major axis angle marked. The large degree of saliency results in 
an easily distinguished elliptical shape and as a result , the ellipse-fitting algorithm 
produces an accurate estimation. Over a complete electrical cycle, the results are 
shown in figure 5.11. In comparison with the results from the other two machines, 
there is a much lower level of error. The error plot of figure 5.12 shows that the 
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Figure 5.10: Estimation from Fitted Currents - 'Traction Motor; Or = 60° 
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Figure 5.11: Position Estimation Results for Traction ' Motor 
0.1 5 ,------.------.-------.------.------.-------~ 



















8 -0. 1 
.... 
~ 
a 1 2 3 4 5 6 
Rotor Electrical Position (radians) 
Figur 5.12: Error in Ellip oidal E timation Re ult for Traction Iotor 
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5.3 MATLAB Analysis of Demodulation Technique 
5.3.1 The' Actuator' Motor 
5.3.1a Experimental Analysis 
With the same data as used in section 5.2.1, the demodulation approach was applied. 
In addition to the captured currents, this approach also requires accurate information 
about the timing of the injected voltages; this was stored at the same time as the 
currents. At each rotor position, the process discussed in section 3.4 was carried out. 
This resulted in a small cluster of points. An example of this is shown in figure 5.13. 
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Figure 5.13: Example of Point Cluster for 'Actuator' Motor 
and the points at all rotor positions were plotted together to show the 'saliency 
fingerprint' of the machine. The result of this is shown in figure 5.14 (normalised to 
the extremes of the 'fingerprint' shape). It can be seen that there is a considerable 
level of distortion present; the higher order saliencies have resulted in a 'saliency 
fingerprint' that bears Ii t tIe resemblance to t he circular shape of t he ideal machine 
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Figure 5.14: 'Saliency Fingerprint ' for 'Actuator' Motor 
distortion. Since the phase of the result contains the position information, it i 
instructive to visualise the phase distortion and how it relates to the distorted hape 
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Figure 5.15: Phase Relationship for 'Actuator Motor 
Ir I is th id al motor char a t ri tic and th blue hape i a cal d v r ion of th 
hape fr III figur 5.14. Th r d inter onnecting lin ar u d to how whi h point 
n th di t rt d hap corre 'P nd t venl pa d pint OIl th id al ' ali IlC • 
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fingerprint'. It is apparent that there is a tendency for the points on the distorted 
shape to cluster around the apexes and be sparsely spaced between the e point . 
Completion of the uncompensated position detection system is achieved by calculat-
ing the phase of each point in figure 5.14. As expected, the result of thi ( hown in 
figure 5.16) is very distorted, albeit to a lesser extent than in the re ult of ellip e-




























Rotor Electrical Position (radians) 
Figure 5.16: Demodulation Results - Actuator ' Motor 
5.3.1b Further Modelling 
In order to relate the 'saliency fingerprint ' of the machine to the modelling of chap-
ter 3, it is useful to produce an approximation of figure 5.15 using those model . 
The model of the captured currents shown in equation (3.45) and reproduced her 
quation (5.3) was used. 
(5.3) 
Aft r the d m dulati 11 pI' ,th P it i II indep nd nt comp n nt 1 r mov i 
102 
and this results in equation (5.4) . 
(5.4) 
To match the shape of the 'saliency fingerprint ', the parameter shown in table 5.1 
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Figure 5.17: Modelled Phase Relation hip for Actuator ' Motor 
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5.3.2 The 'Kart' Motor 
The analysis discussed in detail in section 5.3.1 was repeated using the results cap-
tured from the 'Kart' motor. The 'saliency fingerprint ' that was produced is hown 
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Figure 5.18: 'Saliency Fingerprint ' for 'Kart' Motor 
of the 'Kart ' motor has resulted in a noticeable improvement in the shape. In par-
ticular, there is less likelihood of ambiguity between the points immediately either 
side of the apexes. Comparing the distorted 'saliency fingerprint' to the ideal case 
gives figure 5.19. Once again, the points can be seen to cluster around the apexe 
of the 'fingerprint '. Completion of the uncompensated scheme results in figure 5.20. 
This again shows a high level of distortion, although it is clear that the position in-
formation is of sufficient accuracy to allow implementation of a brushless DC drive. 
To match the hape of the 'saliency fingerprint' , the parameter of equation (5.4) 
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Figure 5.21: Modelled Phase Relationship for 'Kart ' Motor 
5.3.3 The 'Traction' Motor 
The analysis of section 5.3 .1 was repeated for the results from the 'Traction' motor. 
The 'saliency fingerprint ' (normalised to the extremes of the fingerprint' hape) i 
hown in figure 5.22. The level of di tortion is considerably lower than in either of 
th oth r two machine; the ideal circular profile is discernable despite the distortion. 
Compari on of th di tort d aliency fingerprint to th id al case give figur 5.23. 
Although th lu tering 
th ff t i on id rably I 
n with th Actuator and 'Kart motor i till pr nt 
noti abl. 
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F igure 5.24: Demodulation Results - 'Traction ' Motor 
racy is much lower than was seen with the other two machines and it is illu trativ 
to examine the error in the position information. This is shown in figure 5.25. 
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Figur 5.25: Error in D modulation E timation Re ult for 'Traction Motor 
T mat h t.h hap f the ali 11 .' fing rprint' th param t r f quatioll (5.4) 
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Figure 5.26: Modelled Phase Relationship for 'Traction' Motor 
5.4 Comparison of Techniques 
Comparing the re ult from ctions 5.2 and 5.3 for each motor th re i littl id nti-
fiable diff r n e in th accura of each t chnique with th interior magn t machin ; 
th d t rmining fa tor i the form of th ali nc in th machine. Ther for, du to 
th relativ mputati nal impli it T f th d modulati n t hniqu (both in t rIll 
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of memory requirements and processing load) and the small degree of improvement 
in accuracy with the 'Actuator' motor, this option was selected for the remainder of 
the development. 
5.5 MATLAB Analysis of Compensation Technique 
5.5.1 The 'Actuator' Motor 
Through comparison of the distorted and ideal 'fingerprints' shown in figure 5.15 a 
correction table was generated for the characteristic of the 'Actuator ' motor. Using 
this with a sample of currents over a complete electrical cycle resulted in the po ition 
information shown in figure 5.27. It can be seen that the accuracy of the overall 
system has been substantially increased. The error plot of figure 5.28 show that 
the maximum error has been reduced to only 2° mechanical (0.1 rad electrical). 
3.5 
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Figure 5.28: Error in Compensated Results - 'Actuator' Motor 
5.5.2 The 'Kart' Motor 
As with the 'Actuator' motor, comparison of the distorted and ideal 'fingerprints 
shown in figure 5.19 yielded a correction table characterising the 'Kart' motor. Fig-
ure 5.29 shows the results of applying this to a sample of currents over an electrical 
cycle. Once again, the accuracy of the system has been appreciably increased. The 
error over a complete electrical cycle is shown in figure 5.30. The maximum error 
has been reduced to only 1.9° mechanical (0.1 rad electrical). 
5.5.3 The 'Traction' Motor 
Although the uncompensated results for the 'Traction' motor show considerably 
better accuracy than the results from the other machines, it is de irable to improv 
th accuracy for orne application . For this reason, the compensation proces was 
appli d to th captur d currents from thi motor. Figure 5.31 how the final po ition 
timation r ult. Th maximum rror over one electrical cy Ie has be n r du d 
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Figure 5.29: Compensated Results - 'Kart ' Motor 
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Figure 5.31: Compensated Results - 'Traction' Motor 
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It is instructive to analyse the effects of slotting in more detail, in order to provide 
machine designers with information relating to the effect of variations in the physical 
structure of a machine on the saliency profile. The FEA approach to saliency analysis 
discussed in section 4.2 provides a valuable tool for optimising machine designs for 
simple and accurate zero speed sensorless rotor position estimation in addition to 
machine performance and this chapter provides an example of the use of the tool 
by providing an analysis of the effect of variations in the slot shape for the test 
machines. Although the precise dimensions of the 'Kart' motor are unavailable, 
approximate measurements are used in order to demonstrate the effect of slot shape 
variation on a machine with this topology. 
6.2 Methodology 
The approach used to analyse the effect of slot shape on saliellC'.\" distortion is based 
on the approach used in section 4.:2. Hm\'('\Tr. due to the larger numher of simula-
tions required. the s.\"mllwtry of the physical machine and its salicllcy \\"as used in 
order to reducc the comput.at.ion time. For an TIp pole machine, the model can be 
11-1 
divided into ~ sections, with rotational symmetry. Periodic boundary conditions 
can then be used to ensure that the FEA results are accurate. In addition, the 
symmetry of the 'saliency fingerprint' can be used to further reduce the number of 
computational steps in the finite element analysis. For the six-pole machine for 
example, the number of required simulations steps is reduced from 14400 to onl 
2520. The results obtained for the unaltered machines confirm the validity of thi 
approach. 
In order to develop an understanding of the effect of slot shape variations two key 
slot parameters were analysed: slot opening, Si, and tooth tip thickness ti. The e 




























Figure 6.1: Layout of a Single Stator Slot 
to note that changes to the slot opening size have a considerable effect on the size 
of the tooth tip; increasing the slot opening results in a reduction in the width of 
the tooth tip. The dimensions were changed relative to the original machine design· 
for all machines, the same alterations were performed. These are summarised in 
table 6.1 , where sand t are the original machine's slot opening size and tooth tip 
thickness respectively. 
It is expected that reductions in the size of the tooth tip (either through a reduction 
of the tooth tip thickn s or an increase in the slot opening ize) would produce a 
gr at r degr of rror in th e timation re ult due to an increased level of aturation 
in th tooth tip . 
tion 6.3 di eli th r ult btain d for th A tuator motor ction 6.4 di -
u th appr ximat m d 1 f th Kart motor and 
ti n 6.5 di th 
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Machine Version II Slot Opening Ratio ~ I Tooth Tip Ratio h 
II. t 
01 11/11 6/6 
02 11/11 5/6 
03 11/11 4/6 
04 11/11 3/6 
05 9/11 6/6 
06 9/11 5/6 
07 9/11 4/6 
08 9/ 11 3/6 
09 7/11 6/6 
10 7/11 5/6 
11 7/11 4/6 
12 7/ 11 3/6 
13 5/11 6/6 
14 5/11 5/6 
15 5/11 4/6 
16 5/11 3/6 
Table 6.1: Machine Alterations for Slotting Analysis 
'Traction' motor. 
6.3 The 'Actuator' Motor 
The model of the structure of the 'Actuator ' motor used in this analysis is shown 
in figure 6.2. The dimensions of the slot opening, s, and tooth tip thickness , tare 
Figure 6.2: Model of 'Actuator' Motor 
2.75 mm and 1.5 mm r p tiv 1. ombining th with tabl 6.1 r ult in th 
imulati n ' t h wn in tabl 6.2. F r a h lot p ning iz v r r tooth tip. iz i 
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Machine Version II Slot Opening Size (mm) I Tooth Tip T hickne (mm) 
01 2.75 1.50 
02 2.75 1.25 
03 2.75 1.00 
04 2.75 0.75 
05 2.25 1.50 
06 2.25 1.25 
07 2.25 1.00 
08 2.25 0.75 
09 1.75 1.50 
10 1.75 1.25 
11 1.75 1.00 
12 1.75 0.75 
13 1.25 1.50 
14 1.25 1.25 
15 1.25 1.00 
16 1.25 0.75 
Table 6.2: 'Actuator ' Motor Alteration for Slotting Analy i 
analysed and thus the trends can be properly assessed. 
Figure 6.3 shows the results of the finite element analysis of the original machin . 
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Figure 6.3: Results for ' Actuator ' Motor Version 01 
(a) Fingerprint , (b) Estimation Results 
id nti al to tho produ d by the full model. Figure 6.4- 6. 6 how th ff t of 
r du ing th l Z of th to th t ip whil t maintaining a on tant lot P 11ll1g lZ . 
It an b n that th iz of th tooth tip h a ignifi (nt 
on th 
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the distorting component is larger than the principal saliency. At this point, it i 
difficult to identify the rotor position. 
The results from the original machine are reproduced as figure 6.7 . Figure 6. 
6.10 show the effect of reducing the size of the slot opening whilst maintaining the 
thickness of the tooth tip. It can be seen that the size reduction again produce an 
increased level of distortion; however, the effect is less significant than that of the 
tooth tip thickness. 
The results of the remaining slot opening configurations are included in Appendix B. 
Figure 6.11 shows a surface plot that summarises the results of the complete analy i . 
The results with a tooth tip thickness of 0.75 mm have been omitted as the error 
with this thickness is too large to be meaningful. 
6.4 The 'Kart' Motor 
The model of the structure of the 'Kart ' motor used in this analysi is shown in 
figure 6.12. The dimensions of the slot opening, s , and tooth tip thickness tare 
both 2 mm. Combining these with table 6.1 results in the simulation et shown in 
table 6.3. For each slot opening size, every tooth tip size is asse sed and thus th 
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Figure 6.5: Results for (Actuator Motor Ver ion 03 
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Figure 6.11: Error Surface for 'Actuator' Motor 
Figure 6.12: Model of 'Kart' Motor 
Figure 6.13 shows the results of the finite element analysis of the approximate model 
of the original machine. Figures 6.14- 6.16 show the effect of reducing the size of 
the tooth tip whilst maintaining a constant slot opening size. It can be clearly 
seen that the size of the tooth tip has a significant effect on the magnitude of the 
distorting components. However, the variation is inconsistent and (as will be en 
from the surface plot at the end of this section) the form varie with lot opening. 
The result from th original machine are reproduced as figure 6.17. Figur 6.1 
6.20 show th :ff ct of r ducing the size of the lot opening whil t maintaining th 
thi kn f th t oth tip. It an b n that the iz r du bon produc a r duct ion 




















- 1. .1 
01 2.00 2.00 
02 2.00 1.66 
03 2.00 1.33 
04 2.00 1.00 
05 1.64 2.00 
06 1.64 1.66 
07 1.64 1.33 
08 1.64 1.00 
09 1.27 2.00 
10 1.27 1.66 
11 1.27 1.33 
12 1.27 1.00 
13 0.91 2.00 
14 0.91 1.66 
15 0.91 1.33 
16 0.91 1.00 
Table 6.3: 'Kart ' Motor Alterations for Slotting Analy i 
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Figure 6,14: Results for 'Kart ' Motor Version 02 
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Figure 6.15: Results for 'Kart ' Motor Version 03 
(a) Fingerprint , (b) Estimation Results 
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Figure 6.17: Results for 'Kart' Motor Version 01 
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Figure 6.18: Results for 'Kart ' Motor Version 05 
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Figur 6.19: R ult for Kart Motor Vel' ion 09 
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Figure 6.20: Results for Kart ' Motor Version 13 
(a) Fingerprint , (b) Estimation Results 
The results of the remaining slot opening configurations are included in Appendix C. 
Figure 6.21 shows a surface plot that summarises the results of the compl t analy i . 
It can be seen that the fluctuations are complex and therefore it is invaluable to hav 
a design tool available that enables the 'saliency fingerprint to be analysed when 
designing machines. It appears that as the tooth is reduced in ize the saturation 
of the tooth increases the error. However, once the tooth size is reduced beyond a 
certain level, it stops having an effect on the saliency. 
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Figure 6.21: Error Surface for Kart Motor 
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6.5 The 'Traction' Motor 
The model of the structure of the 'Traction' motor used in thi analy i i hown in 
figure 6.22. The dimensions of the slot opening, s, and tooth tip thickne tare 
Figure 6.22: Model of 'Traction Motor 
12.64 mm and 2.3 mm respectively. Combining the e with table 6.1 re ult in th 
simulation set shown in table 6.4. For each slot opening ize every tooth tip iz i 
assessed and thus the trends can be properly assessed. 
Machine Version II Slot Opening Size (mm) I Tooth Tip Thicknes (mm) 
01 12.64 2.30 
02 12.64 2.00 
03 12.64 1.60 
04 12.64 1.20 
05 10.34 2.30 
06 10.34 2.00 
07 10.34 1.60 
08 10.34 1.20 
09 8.04 2.30 
10 8.04 2.00 
11 8.04 1.60 
12 8.04 1.20 
13 5.75 2.30 
14 5.75 2.00 
15 5.75 1.60 
16 5.75 1.20 
Table 6.4: Traction Motor Alt ration for Slotting Anal 
Figur 6.23 h w ' th r ' ult f h finit I m nt anal of th original me hin . 
12 
It can be seen that the segmented approach to modelling produces re ult that are 
identical to those produced by the full model. Figures 6.24- 6.26 show the effect of 
reducing the size of the tooth tip whilst maintaining a constant slot opening ize. It 
can be seen that the size of the tooth tip has little effect on the magnitude of the 
distorting components. Unlike the other two machines, the reduction in tooth tip 
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Figure 6.23: Results for 'Traction ' Motor Version 01 
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Figure 6.24: Results for 'Traction ' Motor Version 02 
(a) Fingerprint , (b) Estimation Results 
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Th r ults from th original machine ar reproduced as figur 6.27. Figur 6.2 -
6.30 how th ff ct of r dueing the lZ of th lot op ning whil main aining th 
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Figure 6.25: Results for 'Traction ' Motor Version 03 
(a) Fingerprint, (b) Estimation Results 
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Figure 6.26: Results for 'Traction ' Motor Ver ion 04 
(a) Fingerprint, (b) Estimation Result 
reduction in the level of distortion. 
5 6 
The results of the remaining slot opening configurations are included in Appendix D. 
Figure 6.31 shows a surface plot that summarises the results of the complet analy i 
The effect of the lot shape variation on the saliency distortion is con id rably 1 
than with the other two machine . This is likely to be due to the in re ed lZ of 
the aIr gapl , which reduce the en itivity of the magnetic circuit to m 
the tator tructure. 
IFor th 'Tra tion ' motor, th ratio of air gap to stator outer diam t r i ~ 416' whil 't for th 
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Figure 6.27: Results for 'Traction ' Motor Version 01 
(a) Fingerprint , (b) Estimation Results 
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Figure 6.28: Results for 'Traction ' Motor Ver IOn 05 
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Figure 6.30: Results for 'Traction ' Motor Version 13 
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6.6 Conel usions 
It has been shown in this chapter that the effects of slot shape \'ariations are different 
for each machine topology. In the surface magnet 'Actuator' motor, it was seen 
that reductions in either of the two test parameters resulted in a deterioration in 
the quality of the saliency and a resulting increase in the uncompensated system 
error. With the 'Kart' motor, alterations to either parameter resulted in a complex 
variation in the resulting error. The 'Traction' motor showed a small but noticeable 
improvement in the saliency profile with a reduction in either of the two parameters. 
It is clear that the effect of tooth tip size variation is considerably more complex 
than anticipated and that there is no general principle for optimisation of machine 
structure for zero speed sensorless position estimation. :l\Iany factors (including rotor 
structure and size of air gap as well as slot shape) will affect the form of the saliency. 
It is therefore invaluable to have a design tool available that enables analysis of the 
'saliency fingerprint' and the effects of variations in structural dimensions for a given 
machine design prior to construction. 
Table 6.5 shows a summary of the results presented in this chapter. 
Machine Effect on Error of Red ueing 
N arne Topology 
'Actuator' Surface Magnet 
'Kart' Buried Magnet 
'Traction' Embedded Magnet 







Table 6.5: Summary of Sensorless Techniques 
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Chapter 7 
Full System Implementation 
7 .1 Introduction 
In order to fully validate the sensorless strategy documented in this thesis, an exper-
imental platform has been developed. Section 7.2 provides details of the platform 
and the interface with the other components of the system. Section 7.3 discusses 
the practical implementation of the uncompensated system and presents results for 
all three test machines. Section 7.4 provides a similar discussion and set of results 
for the compensated system. 
7.2 Implementation of the Final Test Rig 
The test platform is based on the Spectrum Digital DSP starter kit for the Texas 
Instruments TMS320C6713 DSP in combination with a Xilinx Spartan XC2S300E 
Field Programmable Gate Array (FPG A) development board and an interface board 
to provide interconnection and additional I/O capability. 
13:2 
7.2.1 Digital Signal Processor 
The TMS320C6713 is a floating-point DSP operating at a clock peed of 225 i\lHz. 
The processor has limited built-in I/0 capabilities, but includes an Externali\Iemor ' 
Interface (EMIF) that allows external digital circuitry to provide additional func-
tionality. In the experimental platform detailed in this chapter the DSP perform 
the generation of the sinusoidal injection signals as well as performing the demodu-
lation of the captured outputs in order to derive the position of the rotor. A photo 
of the DSP starter kit (disconnected from the remainder of the platform) i hown 
in figure 7.1. 
Figure 7.1: Digital Signal Processor Starter Kit 
7.2.2 Interface Board 
The interface used in the test platform is the Goodrich Control System generic con-
troller board. This board provides interconnections between the DSP and FPG A 
and al 0 provides external I/ 0 functionality for the FPGA. Thi functionalit in-
cludes ADCs (u ed for CWTent ampling) Digital-to-Analogue Conv rt r (DA ) 
(u ed for d bugging and vi uali ing re ults) i olated digital output (for onn -
tion to th inverter) and aRe olv r-to-Digital Convert r (for a ura h king). 
photograph of th controll r board i hown in figur 7.2. 
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FPGA Board 
(DSP Board Hidden) 
Resolver 
Input 
Analogue Outputs Power Supply 
Analogue I Input 
.. ' .~-': 
.... -
Inverter Connection 
Figure 7.2: Interface Board 
7.2.3 Field Programmable Gate Array 
The FPGA (shown in figure 7.3) is used to provide 'glue logic between th xt r-
nal I/O devices and also to generate PWM signals based on in truction from the 
DSP. The PWM generation is internally achieved using an up-down count r thre 
comparators and three dead-band generation units, all implemented using th V ry 
High Speed Integrated Circuit Hardware De cription Language (VHDL). 
The comparators compare the output of the counter with a reference value provid d 
by the DSP. This produces a PWM reference for the dead-band generator. Th 
dead-band generators produce the controlling signal for the top and bottom wit h 
of the inverter. The top switch is controlled by delaying th ri ing dg of th PW I 
reference and the bottom witch by delaying the ri ing edge of an inv rt d 
of it. Thi principl i hown in figur 7.4. 
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Figure 7.3: Field Programmable Gate Array Development Board 
, 
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OFF ---- -- - -
Figure 7.4: Operation of Dead-Band Generators 
7.2.4 Other Components 
In addit ion to t he controller platform, the test system also include a gat driv 
interface, CTs and an IPM. The e components are identical to tho di d in 
chapter 4 and therefore the details have been omitted from thi ection. A bio k 
diagram of the complete system i shown in figure 7.5. 
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Figure 7.5: System Block Diagram 
7.3 Implementation of Uncompensated System 
7.3.1 Practical Operation in DSP 
Implementation of the demodulation system is achieved using three main subrou-
tines in the DSP program. The first of these is the 'main' function, which initialises 
variables and interrupts as well as setting up the communication with the FPGA and 
checking for operational conflicts. An additional function runs at the PWM switch-
ing frequency and generates the reference values for the FPGA based comparator 
as well as sampling the phase a and phase b currents for later processing. 
The final primary subroutine in the system performs all of the processing of the 
captured currents necessary for position estimation. This involves a Clarke trans-
form (to convert to the af3 reference frame), a Park transform (to convert to the 
injection-synchronous reference frame), a synchronous reference frame high-pass fil-
ter, a second Park transform (to convert to the inverse injection-synchronous refer-
ence frame) and finally the angle calculation and polarity tracking. A rolling average 
is used in the inverse injection-synchronous reference frame to promote noise immu-
nity. In addition, the i" currents, the estimated electrical position and the measured 
electrical position (from the shaft-mounted resolver) are copied to the DACs on the 
interface board to enable visualisation of the results. 
136 
An execution flow diagram for the uncompensated system is shown in figure 
The algorithm completes in under 40 JlS. 
Sinusoidal PWM 
Generation 
Figure 7.6: Execution Flow Diagram 
7.3.2 Results for 'Actuator' Motor 
7.6. 
The test procedure adopted was similar to that used in chapter 4. The controller 
board was used to generate the switching signals and to process the line currents. 
The results produced by the DSP were captured directly from the on-board memory 
by the DSP interface software. In addition, an oscilloscope (connected to the DACs 
on the controller board) was used to produce 'live' results with the shaft being 
manually rotated. 
Figure 7.7 shows the captured 'saliency fingerprint' for the 'Actuator' motor using 
the final development system. As expected, the 'fingerprint' is of the same form as 
that seen in chapter 5. The uncompensated results are shown over several electrical 
cycles in figure 7.81 . The distortion in the estimated position can be clearly seen. 
thus confirming the need for compensation with this machine. 
INo attempt has been made to align the resolver with the a axis for this s.\'stelll. 
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Figure 7.7: Captured 'Saliency Fingerprint' for 'Actuator' JvIotor 
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Figure 7.8: Captured Uncompensated Results for 'Actuator' Motor 
7.3.3 Results for 'Kart' Motor 
The same test procedure was used to analyse the operation of the system with the 
'Kart' motor. Figure 7.9 shows the 'saliency fingerprint' produced by the controller 
board for a large sample of rotor positions. The shape of the 'fingerprint' matches 
that seen in chapter 5, again confirming the operation of the system. The final 
uncompensated angle estimation results are shown in figure 7.102 . The distortion of 
the estimated position can again be clearly seen and it is evident that compensation 
is required for this machine. 
2The small fluctuations in the measured position are due to imperfections in the locking gearbox, 
which affect the uniformity of rotation required for oscilloscope capture. 
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Figure 7.9: Captured 'Saliency Fingerprint' for 'Kart" Motor 
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Figure 7.10: Captured Uncompensated Results for 'Kart' Motor 
7.3.4 Results for 'Traction' Motor 
Figure 7.11 shows the experimentally captured 'saliency fingerprint' for the 'Trac-
tion' motor. The shape of the 'fingerprint' again closely matches that seen in chap-
ter 5. The final uncompensated angle estimation results are shown in figure 7.12. 
It can be seen that the level of distortion is, as expected, much lower than \\'it h the 
other two machines and the accuracy may be sufficient for use without compensation. 
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Figure 7.11: Captured 'Saliency Fingerprint' for 'Traction' Motor 
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Figure 7.12: Captured Uncompensated Results for 'Traction' Motor 
7.4 Implementation of Compensated System 
7.4.1 Practical Operation in DSP 
The compensated system is heavily based on the uncompensated one discussed in 
section 7.3.1. All additional functionality is included in the post-processing part of 
the program. There are two operating modes that can be used. The first of these 
uses the uncompensated system to generate the correction table for compensation 
and can also be used to quickly create a set of compensated (or uncompt.'ll:-;atcd) 
results for further examination3 . The second operating mode uses the generated 
table to dynamically produce compensated estimation result:-;_ 
lThis WiI-S used for generation of all :\IATLAB based results in this ~{'ction_ 
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7.4.2 Results for 'Actuator' Motor 
Figure 7.13 shows the final compensated estimation results captured with the oscil-
loscope. 




............. ·· .. ·1 .. · .... · ± ... . ...... : ........ : ........ . 
Figure 7.13: Captured Compensated Results for 'Actuator' Motor 
It can be seen that the compensation system has reduced the distortion considerably; 
however, there is still a detectable error due to the high level of distortion present in 
the surface magnet machine. The results and error (captured directly from the DSP 
memory) over one electrical cycle are shown in figures 7.14 and 7.15 respectively and 
it can be seen that the maximum error is 2.65 0 mechanical (0.14 rad electrical). 
7.4.3 Results for 'Kart' Motor 
Figure 7.16 shows the final compensated estimation results captured with the oscil-
loscope. 
It can be seen that the compensation has virtually removed the distorting component 
and thus improved the quality of the overall system. The results captured directly 
from the DSP over one electrical cycle are shown in figure 7.17. 
Figure 7.18 shows that the maximum error is less than 2.30 mechanical (0.12 rad 
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Figure 7.15: Compensated Error for Actuator ' Motor 
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Figure 7.17: Compensated Results for Kart Motor 
7.4.4 Results for 'Traction' Motor 
The final compensated position estimation results are shown in figure 7.19. 
It can be seen that the small level of distortion has been removed and thu til rror 
reduced. The results captured directly from the DSP over on el trical c 1 ar 
hown in figure 7.20. 
A anb en in figure 7.21 the maximum error i 1 
than 10 m hani 1 (0.07 I' d 
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Figure 7.18: Compensated Error for (Kart Motor 
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Figure 7.19: Captured Compensated Results for Traction' Motor 
7.5 Summary 
The experimental test system has shown that the zero speed sen orle po ition 
detection algorithm is capable of producing accurate results for all thr t ma-
chines. With machines that exhibit highly distorted saliencie ,ther i a ignifi an 
r duction in the uncompensated accuracy. However the compen ation h m l ' 
capable of correcting the e results to a suffici nt accw'ac for bru hI AC p ra-
tion. Th r maining error can be attributed to m asw' m nt noi fr m tb T 
and int r onnection ampling error from the ADC ina cura i in h inj 
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Figure 7.21: Compen at d Error for Tra tion lot r 
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voltages due to dead-band and the limited resolution of the PWM generation, and 
the possibility of lamination chatter in the machine itself. It can also be seen that 
the experimental results show excellent agreement with simulation and finite ele-
ment results, thus validating the development approach. Table 7.1 presents a brief 
summary of the uncompensated and compensated results produced with the final 
system. 
Machine II Type Lq : Ld Uncompensated Compensated 
'Actuator' Surface ~ 1.2 : 1 Highly Max. Error 
Motor Magnet Distorted < 2.65° mech. 
'Kart' Buried ~ 1.5 : 1 Highly Max. Error 
Motor Magnet Distorted < 2.3° mech. 
'Traction' Embedded ~ 2: 1 Max. Error Max. Error 
Motor Magnet < 2.75° mech. < 1° mech. 




8.1 The State of The Art 
In the published literature, there are a wide number of different approaches to sen-
sorless rotor position estimation for brushless permanent magnet machines. The 
earliest paper on sensorless position estimation for brush less permanent magnet ma-
chines found by the author was Iizuka et al. [5], who focused on the zero crossing 
point approach to 'at speed' position estimation for brushless DC machines. Since 
the publication of this paper, there have been many different approaches to address-
ing the problem. As described in chapter 2, these fall into two broad categories: back 
EMF based techniques and saliency based techniques. The former group, which en-
compasses observers, machine models and most artificial intelligence systems as well 
as the original zero crossing approach, is only applicable when the shaft is rotating 
at sufficient speed to overcome measurement noise issues. Saliency based techniques 
are theoretically applicable over the whole speed range; however. computational de-
mands, possible torque ripple issues and available DC link yoltage shift the focus of 
these techniques towards the stationary end of the speed range. In practice. t h('r('-
fore, it is desirable to combine the two groups and produce a dual mode Sy~t(,lll. 
The practical implications of this are beyond the scope of t hi~ thesis: hm\"<.'\"(,L the 
reader is directed to [72] for further information on the subject. 
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Due to the greater degree of understanding of high speed position sensing techniques 
and the increased complexity of zero speed estimation, this thesis has concentrated 
on implementation at zero speed; the integration of the two groups is left as an 
obvious avenue for further development. 
8.2 Applications of Sensorless Control 
Despite a continuing interest in sensorless position estimation techniques both in 
industry and academia, there are no commercially available sensorless position es-
timators that operate over the full speed range. Many back EMF based estimators 
are available, but these are very limited, in terms of both speed range and accuracy. 
It is suggested that the lack of availability is due to the difficulty in detecting ro-
tor position at zero speed, particularly with the predominance of surface magnet 
topology machines. In addition, the majority of zero speed sensorless techniques 
are highly computationally intensive and therefore not applicable to the low-cost 
market to which the concept of sensorless rotor position estimation appeals. In 
many applications with less stringent cost limitations, there is a desire to imple-
ment additional functionality beyond the basic drive system. In these applications, 
a computationally simple sensorless position estimator is desirable as the micro- or 
digital signal processor is expected to have processing capacity available after the 
position computation. 
The aim of this thesis has been to address both of the main situations: when cost 
is critical, a simple estimator can be used with or without compensation and, when 
less so, bespoke machine design enables highly accurate position estimation without 
the need for compensation. 
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8.3 Theoretical Analysis 
In chapter 3, a derivation of the mathematical model of a permanent magnet syn-
chronous machine is presented. This idealised model was used as a basis for a detailed 
analysis of the stationary system and the effect of applying measurement signals to 
the windings of the machine. This enabled the development of the base (uncom-
pensated) system, which was implemented without the considerable complexity of 
tracking observers. 
The idealised model made the assumption that slotting effects could be ignored. This 
is a standard approach to machine model derivation. It has been shown throughout 
this thesis, however, that slotting effects are of significance and cannot be safely 
omitted when dealing with saliency based estimation. The theoretical analysis of 
chapter 3 thus continues with a compensation approach that allows the system to 
overcome slotting effects. 
8.4 Machine Analysis 
In validating any machine control technique, whether it be sensorless position esti-
mation, direct torque control or any other drive system, it is essential that it can 
be demonstrated to work on a range of different machines. Without this, it is im-
possible to assess the wider viability of the approach. For example, the operation of 
a saliency based sensorless position estimator would be significantly different with 
a wide air gap embedded magnet IPMSM with 1.5 slots per pole compared to its 
operation with a narrow air gap surface magnet machine with 3 slots per pole. It is 
thus instructive to perform a detailed analysis of the effect of injected measurement 
signals on a variety of topologies. This experimental analysis is presented in chap-
ter 4 and the variations in saliency magnitude are clearly manifested in the varying 
shapes of the current locus presented therein. 
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8.5 System Modelling and Simulation 
For most engineering design applications, simulation tools are readily available for 
testing systems prior to final implementation. These tools have been used through-
out this thesis to continually verify each stage of the development. In chapter 3, 
modelling was carried out primarily based on the idealised model. This enabled 
an initial system to be developed for successful operation in the ideal environment. 
This theme continues in chapter 4, where finite element analysis techniques were 
used to model the test machines and to explore the effect of saliency distortion on 
the accuracy of the technique. This is an important tool as it enables machine 
designers developing bespoke machines for applications involving sensorless position 
estimation to assess the likely accuracy of saliency based techniques prior to machine 
construction. 
Chapter 6 extends the finite element analysis discussed in chapter 4 by demon-
strating the effect of small variations in slot shape on the different topologies. It 
was shown that the size of the stator teeth (and thus the level of saturation in 
those teeth) has a significant effect on the shape of the saliency, especially when the 
magnitude of the saliency in the machine is low. This information can be used by 
machine designers to enable them to adjust the saliency ratio and slot shape in order 
to optimise for sensorless position estimation as well as for machine performance. It 
is important to note that the design suggestions provided by this analysis may con-
tradict normal machine design rules; in this circumstance, some form of compromise 
would be necessary. 
The mathematical modelling approach to system verification was further extended 
to include experimental data for realistic validation. In chapter 4, a basic test 
platform was used to capture the currents induced by voltage injection for further 
analysis. The MATLAB environment was then used in chapter 5 to study the 
captured currents. A simulated implementation of the demodulation approaches 
provided valuable confirmation of the accuracy of the finite element simulations. In 
addition, it clearly demonstrated the validity of the position estimation method. in 
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particular the computationally simple compensation method. 
8.6 Experimental Verification 
To be certain that any system is genuinely valid, it is essential that it is demonstrated 
in a practical environment. This ensures that computational requirements are not 
excessive and that the levels of noise present in the measurements do not overwhelm 
the required information and result in a reduction of accuracy. A discussion of 
the implementation is presented in chapter 7, along with experimental results for all 
three test machines. The system was demonstrated to be valid for all three machines 
and it was seen that the accuracy with the 'Traction' motor was extremely good even 
without compensation. 
With the highly distorted saliency present in the 'Actuator' motor, the accuracy 
of the uncompensated system is very poor; however, the compensation approach 
is able to substantially improve this. The small level of saliency in surface magnet 
machines does limit their applicability to high accuracy zero speed sensorless position 
estimation; however, it can be seen that the approach is still valid. 
For the 'Kart' motor, the uncompensated accuracy is again very poor. However, the 
distortion was found to be very consistent, making it ideally suited to the compen-
sation approach. In the tests, the maximum observed error in the estimation results 
is only 2.30 mechanical with this machine. 
The 'Traction' motor shows good accuracy without compensation; however, an im-
provement is still possible if desired. The maximum observed error in the estimation 
results for the compensated system with this machine is only 10 mechanical. 
8.7 Further Work 
Although it has been demonstrated that the sensorless approach discussed herein 
IS applicable to a number of different machine topologies, it would be desirable 
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to extend this analysis to include further structures. In particular, it would be 
valuable to individually assess the effect of changes to rotor and stator structure 
by constructing different rotors for one or more existing stators and vice \"ersa. To 
some extent this could also be achieved through finite element analysis. 
The finite element analysis of slotting effects discussed in chapter 6 has been limited 
to variations of only two parameters. Clearly this could be extended to produce a 
comprehensive summary of the optimum approach to machine design for sensorless 
position estimation. Continuing with the simulation and modelling theme, it would 
be valuable to modify the original machine model to incorporate slotting effects. 
In order to produce a comprehensive sensorless approach, it is necessary to operate 
over the whole speed range. Therefore, combining this work with a similar investi-
gation into high speed position estimation (both above and below base speed) would 
be useful. 
Finally, it would be desirable to investigate the applicability of the technique dis-
cussed in this thesis to other machine types, such as synchronous reluctance machines 




The reference frames used in this report are shown diagrammatically in figur A.l. 





Figure A.l: Reference Frames for Modelling 
Th abc r fer nce frame is referr d to as th three axi fram . 
Quantiti xpr d in thi frame dire tl r lat to th f til 
thr ph winding in the machine. To implif the quat ion , hi ' i ft n trc 11 .-
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formed into a two axis stationary reference frame (Ctj3)~ using equation (A.l) [87]. 
(A.l) 
where X is the voltage, current or flux space vector and B is defined in equa-
tion (A.2). 
1 1 1 
B=~ -2 -2 0 y'3 y'3 (A.2) 2 -2 
1 1 1 
y'2 y'2 y'2 
In addition to the reference frames attached to the stationary part of the machine, 
it is useful to consider what is happening in the machine relative to the rotor. For 
this purpose, the synchronous reference frame (dq) is used. This is a reference frame 
rotating at the synchronous speed of the machine. For a synchronous machine, this 
corresponds to the rotor speed and hence the synchronous and rotor reference frames 
are interchangeable. The transformation required is given in equation (A.3) [87], 
XdqO = CXabc; Xabc = C T XdqO (A.3) 
where the transformation matrix C is given by equation (A.4). 
cos(Or) cos(Or - 120°) cos(Or + 120°) 
c=~ - sin(Or) -sin(Or -120°) - sin( Or + 120°) (A.4) 
1 1 1 
y'2 y'2 y'2 
Since this document concentrates on position estimation techniques, it is important 
to note that the position considered by the system will not correspond exactly to 
the position of the rotor. Therefore, an additional rotating reference frame (,8) 
attached to the estimated position of the rotor is utilised. 
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Appendix B 
'Actuator' Motor FEA Results 
Table B.l summarises the machine versions used in the finite element analysis. The 
full results are included in figures B.I-B.16. 
Machine Version II ~ 
s I Si (mm) I ~ I ti (mIll) 
01 11/11 2.75 6/6 1.50 
02 11/11 2.75 5/6 1.25 
03 11/11 2.75 4/6 1.00 
04 11/11 2.75 3/6 0.75 
05 9/11 2.25 6/6 1.50 
06 9/11 2.25 5/6 1.25 
07 9/11 2.25 4/6 1.00 
08 9/11 2.25 3/6 0.75 
09 7/11 1.75 6/6 1.50 
10 7/11 1.75 5/6 1.25 
11 7/11 1.75 4/6 1.00 
12 7/11 1.75 3/6 0.75 
13 5/11 1.25 6/6 1.50 
14 5/11 1 .)1": . -0 5/6 1.25 
15 5/11 1.25 4/6 1.00 
16 5/11 1.25 3/6 0.75 










































-1.5 - I 
-- Estimated 
/" "" / -- Measured 
" ;' ,,;' I - - Relationship 
" I / / I 
/ / / I , / / / I 1\ 
' I I I I I 



















-0.5 0 0.5 1.5 0 2 5 
Normalised 1/'~ Rotor Electn~a1 ngl. (r.ehans) 
(a) (b) 
Figure B.1: Results for 'Actuator ' Motor Ver ion 01 
( a) Fingerprint , (b) Estimation Re ul ts 
-;;;-















-0.5 0.5 1.5 0 2 3 o 
Normalised VJ: Rotor EI~tn('l,1 Angle (rndill"") 
(a) 
Figure B.2: Results for 'A tuator Motor Ver 
























-0.5 II 0.5 
orrna!ist"<i 1.'; 
1.5 0 2 
Rot'" 1: 1t tnm! \ nltl,· (nuh.m-) 
(a) (b) 
Figur B_3: R ult for ' A tuator lotor 













































· 1.5 - I 
-- EBtimaled 3 



















-0.5 0 0.5 1.5 0 2 
Normalised 1/J~ Rotor Elect rical Angl~ (radians) 
(a) (b) 
Figure B.4: Results for 'Actuator ' Motor Ver ion 04 




\ \ 'j \ \ '\ 
\ \ " 
" \\\/\ 
\ \ \ \ \ 























1.5 a 2 
ROlor Electrical Angl., (radlarL") 
(b) 
Figure B.5: Results for 'Actuator ' Motor Version 05 





- - Relations hip 
, , , 














1.5 0 2 3 
Rowr EIt'("\ rlt'lU • \ ngl,- (r."han, ) -0.5 0 0.5 
Norlllnibro ~ \; 
(a) (b) 
Figur B.6: Re ult for ' A tuator Iotor ion 0 









































































0 3 .; 
Rolor Elecl rlcal Angle (radiand 
(a) (b) 
Figure B.7: Results for 'Actuator ' Motor Ver IOn 07 

























ROlor EI IrIcal Angl., (radIans) 
(b) 
Figure B.8: Results for ' Actuator Motor Ver IOn 0 




, " , , 
\ I y \ \ 1,\./ \ ' , ! 
\ \ \ I 
\ I , \ \ \ 
\ \ \) 
\ r 
-0.5 0 0.5 




















() 2 3 
R"I'" J:\. Irica! \ n~1 ( rlUh"n.- ) 
(b) 
Figur B.9: Re ult for A tuator ' r-. lotor r iOll 0 











































1.5 - I 
-- Estimated 
Meas ured 
- - Relationship 1 1 
,/,'11,', 
1//1"\ 
I / , ',' I I 
1 I • 
/ I I, I 






















-0.5 0 0.5 1.5 0 2 3 1 " 
Normalised tJJ~ Rotor Eloct ricaJ Angl. (rad l""') 
(a) (b) 
Figure B.10: Results for 'Actuator Motor Ver IOn 10 
(a) Fingerprint , (b) Estimation Result 
-0.5 
-- Estirnaled 
" / l\f1easured 
/ / / / - - Relat.ionship 
/ I I I 
,. I I I f 
I I I I I 
'/'1/1 1 / 
I , / I I I I 
I I I 
I 1'1 
\ \ . \ , " \ \ \ \ \ \ ,'1 \\\"/ ' \ \ \ \ 










Figure B.ll: Results for Actuator' iotor Version 11 























-0.5 0 0.5 15 0 Rolor 1'1 triu.1 \ nKI. (raJla, 
orlltRlisi.-xi c.'~ 
(a) (b) 
Figure B.12: R ult for Actuator lotor r Ion 12 












































-1.5 - I 
-- Estllnated 
- - Measured 
- - Relationship '" ~ 
1-- E.:. 1Rl&lo>d 
-- \ 1 , ~r!'d 
." 
I I 
I I ~ 
" 
" " I I 
I I I I 
I I I 
I I" 











-0.5 0 0.5 1.5 0 3 .; 
Normalised l{J~ Rolor Elocl rical ngl. (radi""") 
(a) (b) 
Figure B.13: Results for 'Actuator Motor Ver Ion 13 
(a) Fingerprint , (b) Estimation Result 
-0.5 
-- Estimated 
'" " Measured 
/ '" /;' - - Relationship 
I I 
o 
























0 2 3 
ROlor [1{'("lneal Angle (rruh a ns) 
(b) 
Figure B.14: Results for Actuator Motor Ver Ion 14 
(a) Fingerprint , (b) Estimation Re ult 
-- ESlimated 
" I.astlred 
- Hc lalions illp 








Figure B.IS: R ult for A tuator 
2 
HOlor l' lt'Cln '" \ ng~ (""I ... ", 
(b) 
Iotor r ion 15 
















- 1.5 - I 
















-0.5 0 0 .5 1.5 0 2 
Norrnalisl"Ci V'; ROlo r EI, In <al A"gl~ ( rM ,a ,1.') 
(a) (b) 
Figure B.16: Results for Actuator ' Motor Y, r IOn 16 




'Kart' Motor FEA Results 
Table C.1 summarises the machine versions used in the finite element analysis. The 
full results are included in figures C.1-C.16. 
Machine Version II ~ I Si (mm) I ~ I t; (mm) 
.. 
01 11/11 2.00 6/6 2.00 
02 11/11 2.00 5/6 1.66 
03 11/11 2.00 4/6 1.33 
04 11/11 2.00 3/6 1.00 
05 9/11 1.64 6/6 2.00 
06 9/11 1.64 5/6 1.66 
07 9/11 1.64 4/6 1.33 
08 9/11 1.64 3/6 1.00 
09 7/11 1.27 6/6 2.00 
10 7/11 1.27 5/6 1.66 
11 7/11 1.27 4/6 1.33 
12 7/11 1 'Y'" ._, 3/6 1.00 
13 5/11 0.91 6/6 2.00 
14 5/11 0.91 5/6 1.66 
15 5/11 0.91 4/6 1.33 
16 5/11 0.91 3/6 1.00 
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'Traction' Motor FEA Results 
Table D.1 summarises the machine versions used in the finite element analysis. The 
full results are included in figures D.1-D.16. 
Machine Version II ~ I Si (mm) I t I tl (mm) 
"-
01 11/11 12.64 6/6 2.30 
02 11/11 12.64 5/6 2.00 
03 11/11 12.6--1 --1/6 1.60 
04 11/11 12.64 3/6 1.20 
05 9/11 10.34 6/6 2.30 
06 9/11 10.34 5/6 2.00 
07 9/11 10.34 4/6 1.60 
08 9/11 10.34 3/6 1.20 
09 7/11 8.04 6/6 2.30 
10 7/11 8.04 5/6 2.00 
11 7/11 8.04 4/6 1.60 
12 7/11 8.04 3/6 1.20 
13 5/11 5.75 6/6 2.30 
14 5/11 5.75 5/6 2.00 
15 5/11 5.75 4/6 1.60 
16 5/11 5.75 3/6 1.20 
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